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Increasingly stringent limits from LHC searches for new physics, coupled with lack of convincing
signals of weakly interacting massive particle (WIMP) in dark matter searches, have tightly con-
strained many realizations of the standard paradigm of thermally produced WIMPs as cold dark
matter. In this article, we review more generally both thermally and non-thermally produced dark
matter (DM). One may classify DM models into two broad categories: one involving bosonic coher-
ent motion (BCM) and the other involving WIMPs. BCM and WIMP candidates need, respectively,
some approximate global symmetries and almost exact discrete symmetries. Supersymmetric axion
models are highly motivated since they emerge from compelling and elegant solutions to the two fine-
tuning problems of the Standard Model: the strong CP problem and the gauge hierarchy problem.
We review here non-thermal relics in a general setup, but we also pay particular attention to the
rich cosmological properties of various aspects of mixed SUSY/axion dark matter candidates which
can involve both WIMPs and BCM in an interwoven manner. We also review briefly a panoply of
alternative thermal and non-thermal DM candidates.
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I. INTRODUCTION
Some eighty years have elapsed since Zwicky [630] first speculated that the Coma cluster, to account for gravitational
binding of its constituent galaxies, must contain a large amount of non-luminous (dark) matter. Since that time, the
puzzle of exactly what consititutes the dark matter (DM) has become one of the foremost unresolved questions in
particle physics and cosmology. On the one hand, experimental evidence in favor of its existence has grown over the
years and is currently utterly convincing.1
Some properties of the Universe provide further evidence as to its structure and history. The age of our Universe,
13.8 billion years, is very long: if the matter density were too high, one would expect it to have gravitationally collapsed
in on itself, while if the dark energy (DE) were too high, then one would expect that accelerated expansion would
have removed all stars and galaxies to beyond our purview [620]. Measurements of the cosmic microwave background
radiation [12] (CMBR) imply that the Universe on large scales is homogeneous and isotropic to one part on 105:
this is surprisingly smooth for apparently causally-disconnected regions. Yet on smaller scales the Universe appears
quite lumpy: inhomogeneous and anisotropic. To understand the large scale smoothness, it is hypothesized that the
Universe has gone through an early inflationary epoch of rapid expansion so that the apparently dis-connected regions
were in fact causally connected and only a tiny matter density existed at the end of inflation [26, 327, 496, 497]. To
understand the small-scale inhomogeneities, it is required that quantum fluctuations provided the seeds to allow the
Universe to have gone through a gravitational condensation phase so galaxies, stars, planets and ultimately life forms
could have arisen [600].
Inflationary cosmology predicts that the total mass-energy density of the Universe is very close to the critical closure
density ρc = 3H
2
0/8piGN ' 1.88 × 10−29h2 g·cm−3, where GN stands for the gravitational constant and H0 denotes
the current value of the Hubble parameter which is parametrized as H0 ≡ 100h km/sec/Mpc and h ' 0.674 [12].
The recent WMAP [348] and Planck [12] satellite data confirm that the energy density of the Universe is nearly ρc
(spatially flat) and that the present dark energy is about 68% of the critical energy density of the Universe. The
simplest form of DE is the so-called cosmological constant. The WMAP/Planck data fit to the ΛCDM cosmological
model (supported by data from galactic rotation curves, weak lensing measurements, baryon acoustic oscillations etc.)
imply the matter density in the Universe lies at the ∼ 32% of closure density level. Of this quantity, about 5% lies in
baryonic matter, whilst ∼ 27% constitutes cold dark matter (CDM).
On quite general grounds one can expect DM particle candidates to be:
1. non-relativistic (and thus massive) since relativistic particles (such as neutrinos) would exceed the escape velocity
of clumping baryons and thus couldn’t produce the gravitational wells needed for structure formation,
2. non-baryonic, i.e. carrying neither electric nor (preferably) color charges,2
3. stable (or at least extremely long lived, with the lifetime exceeding the age of the Universe by many orders of
magnitude).
While some DM candidates are created just to solve the DM problem, others emerge quite naturally from solutions
to long standing problems in particle physics. In this latter category, notable candidates include the axion, which
1 For a recent review of observational evidence see, e.g. [231]. On
the other, since all the evidence is based (directly or indirectly)
solely on gravitational effects, we still don’t know what the DM
is actually composed of.
2 It has been hypothesized that DM comes in clumps of baryons
such a black holes, cold stars or planets. Such clumps are referred
to as Machos for MAssive Compact Halo Objects. Machos have
been searched for by the MACHO collaboration [29] by scanning
for eclipsing stars in the Magellanic clouds. Lack of signal makes
this possibility seem unlikely. In addition, one must also get
around limits on the baryonic content of the universe from the
successful predictions of BBN [594].
3FIG. 1: (Color online) Several well-motivated candidates of DM are shown in the log-log plane of DM relic mass and σint
representing the typical strength of interactions with ordinary matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. This plot is an update of the previous figures [453, 562].
emerges from the Peccei-Quinn (PQ) solution to the strong CP problem and the neutralino which emerges from a
supersymmetric solution to the gauge hierarchy problem. In cases such as these and others, the relic abundance of DM
along with DM detection rates are calculable in terms of fundamental parameters, and thus subject to experimental
searches and tests.
Generally, DM relics are considered to be produced in the early Universe in (at least) two distinct ways. One
possibility involves DM particles generated in processes taking place in thermal equilibrium, which we will generically
refer to as thermal production (TP), and the relics produced this way will be called thermal relics. On the other
hand, non-thermal production (NTP), will refer to processes taking place outside of the thermal equilibrium, and the
resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
thermal equilibrium, or their production in scatterings and decays of other particles in the plasma. The second will
include, for example, relic production from bosonic field coherent motion or from out-of-equilibrium decays of heavier
states or from bosonic coherent motion.
Working within the Standard Model (SM) of particle physics, it is found that none of the known particles have
the right properties to constitute CDM. At one time, massive SM(-like) neutrinos were considered a possibility.
Measurements of the number of light neutrinos at LEP combined with calculations of their relic abundance rule out
this possibility [324].
Instead, the most often considered theoretical candidate for CDM is the weakly interacting massive particle, or
WIMP. It is worth stressing, however, that the WIMP is not a specific elementary particle, but rather a broad class
4of possible particles. Lee and Weinberg [494]3 introduced WIMPs in 1977 in the form of stable, massive left-handed
neutrinos which could play the role of CDM. Such weakly-interacting particles were excluded as CDM long ago due
to lack of signal in direct DM detection experiments. Since then a whole host of various weakly-interacting particles
have been discussed in the literature; many of these possibilities have now been excluded by experiment, although
many also have so far survived experimental tests.
A. A survey of some candidate DM particles
In Fig. 1, we present an overview of several well-motivated DM candidates in the mass vs. detection cross section
plane [562]. On the vertical axis we show a typical order of magnitude detection cross section associated with each
type of candidate. For reference, a SM neutrino with mass of order 0.1 eV and weak interaction strength of order
10−36 cm2 = 1 pb ' 1 GeV−2/3.92 is shown, although such a candidate would constitute hot DM (HDM) and thus
does not meet the need (of its velocity not exceeding the escape velocity in galaxies) for cold relics. For more details
see Sec. IV A.
The box marked “WIMP” represents “generic” weakly interacting massive particle candidates as thermal relics.
Their mass can lie in the range between a few GeV [494] (below which it would overclose the Universe) and some
∼ 100 TeV from unitarity constraints [322, 554]. Their detection cross section is limited from above by direct DM
search limits. Recently, the strongest of these come from the Xenon100 [40] experiment and the LUX [24] experiment.
A firm lower limit on the other hand does not really exist; it can only be estimated on the basis of some kind of
theoretical arguments of “naturalness”. A more detailed discussion of thermal WIMPs will be presented in Sec. IV B.
The most highly scrutinized thermal relic is the lightest neutralino particle of supersymmetric (SUSY) theories [262,
311], hereafter referred to as simply the neutralino.4 The neutralino is particularly well-motivated since, in addition to
solving the DM problem, SUSY extensions of the SM contain a number of other attractive features both on the particle
physics side and in early Universe cosmology. From below, the neutralino mass is limited by LEP2 searches to lie above
∼ 50 GeV in GUT-based SUSY models, but could be significantly lighter in more general SUSY models [533]. As an
upper bound, the neutralino mass is not expected to significantly exceed the ∼ 1 TeV scale based on the theoretical
expectation of “naturalness”. We will discuss this important candidate in more detail below and in Sec. IV B.
Another type of dark matter relic is called asymmetric dark matter (ADM). In this case, in contrast to the standard
WIMP scenario, one postulates both DM and anti-DM particles where an asymmetry can develop between the two,
in analogy to baryonic matter. The ADM possibility has recently received renewed interest and will be discussed in
more detail in Sec. IV D.
An alternative possibility consists of strongly interacting massive particles (SIMPs). Candidate SIMP particles with
mass values around the MeV scale have been suggested as a DM possibility in Ref. [353]. While usually DM is not
expected to interact strongly, such candidates have been considered in the past (and for the most part been excluded
[394] for instance by searches for anomalous heavy nuclei or even by collider searches).
Moving down the vertical axis, the axion is a well known example of a non-thermal relic. Its interaction strength
is strongly suppressed relative to the weak strength by a factor (mW /fa)
2, where fa ∼ 1011 GeV is the PQ breaking
scale. Despite being of very light mass (∼ 10−5 eV), the axion is nonetheless a CDM candidate since it is produced
basically at rest in the early Universe. The axion is a highly motivated and interesting candidate for CDM. It will be
discussed in more detail below and in Sec. III C.
In SUSY axion models, the axion supermultiplet contains, along with the axion, the spin- 12 R-parity odd axino
field a˜ and the R-parity even spin-0 saxion field s. The axino, as the fermionic partner of the axion, is an example
of an extremely-weakly interacting massive particle (E-WIMPs, or alternatively super-WIMPs or FIMPs (for feebly
interacting massive particles)). The axino mass is strongly model dependent. In the case where a˜ is the stable LSP,
then it could comprise at least part of the DM. Axinos can be either thermal or non-thermal relics, or both, since
they can be produced in both TP and NTP processes. Depending on conditions, they may comprise hot, warm or
cold relics, or some combinations of say warm and cold DM. Axino DM will be examined in Sec. VI C.
The gravitino G˜, the fermionic partner of the graviton, is another well-motivated example of an E-WIMP. It shares
several properties to the axino. It is a neutral Majorana fermion whose couplings to ordinary particles (and sparticles)
are strongly suppressed – this time by the square of the Planck scale, ∼ (mW /MP)2. Its mass is likewise strongly
particle physics model dependent. Like the axino, relic gravitinos can have contributions from both thermal and
3 For more references, see, e.g., [471].
4 For reviews see, e.g., [109, 255, 403].
5non-thermal processes, and they can be either hot, warm or cold DM. The gravitino as a cosmological relic will be
further discussed below and primarily in Sec’s. IV C and VI A.
Finally, a wimpzilla is an example of a nominally non-thermal relic. While it is not motivated by particle physics,
it represents an alternative type of relic that can be produced in the early Universe by 1. classical gravitational
effects [291, 627], 2. through non-perturbative quantum effects during preheating or 3. from vacuum fluctuations
in a first-order phase transition [199, 486]. In addition, 4. under some circumstances it can also have a thermal
population [201]. The wimpzilla, along with several other non-thermal relics, will be discussed in more detail in
Sec. VII. The list of possible DM candidates is much longer than the few cases mentioned here. In this review, we
will focus primarily on non-thermal relics.
B. WIMP miracle or non-miracle?
As one can see from Fig. 1, particle relics with a correct relic density span a mass range of some thirty-three orders
of magnitude while interaction cross sections range across over forty orders of magnitude. This is possible because
their populations can be generated by very different production mechanisms in the early Universe. Of the possible DM
candidates, WIMPs as thermal relics remain, however, the most scrutinized possibility for DM due to a conspicuous
connection between the CDM relic density and the electroweak interaction strength. The argument, often referred to
as the so-called WIMP “miracle”, goes as follows. In the early Universe WIMPs (denoted by X) are assumed to be
in thermal equilibrium at temperature T & mX . The WIMP number density nX as a function of time t is governed
by the Boltzmann equation
dnX
dt
= −3HnX − 〈σannv〉(n2X − n2eq). (1)
Here neq is the equilibrium density, the Hubble constant for a radiation-dominated Universe is given by H
2 =
ρrad/3M
2
P , and 〈σannv〉 denotes the thermally averaged WIMP annihilation cross section times WIMP relative velocity.
At early times, the number density tracks the equilibrium density. However, at some point – known as the freeze-
out point at the temperature Tfr – the expansion rate outstrips the annihilation rate and the Hubble term becomes
dominant. At that point, the WIMPs freeze-out and their number density in a co-moving (expanding) volume becomes
effectively constant.
An approximate solution of the Boltzmann equation provides the present-day WIMP relic density as
ΩXh
2 ' s0
ρc/h2
(
45
pi2g∗
)1/2
1
xfMP
1
〈σannv〉 , (2)
where s0 denotes the present day entropy density of the Universe, g∗ the number of relativistic degrees of freedom at
freeze-out and xf ≡ Tfr/mX ∼ 1/25 the freeze-out temperature scaled to mX (for a derivation, see Sec. IV). Plugging
in the known values [533] for s0, ρc and MP and setting Ωχh
2 to its measured value ' 0.12, one finds
ΩXh
2
0.12
' 1
〈 σann10−36 cm2 v/c0.1 〉
. (3)
Thus, an annihilation cross section of weak strength of order ∼ 10−36 cm2(= 1 pb) and typical WIMP velocities at
freeze-out give the correct present day relic density of dark matter. (A solution of the Boltzmann equation will be
discussed in more detail in Sec. IV.) This remarkable argument has motivated a large number of investigations into
the possibility that DM, in the form of WIMPs, may be related to new electroweak physics which is anyway expected
to occur near the Fermi scale (for instance, new physics which is needed to stabilize the Higgs boson mass).
While the standard paradigm of the thermal production of WIMP dark matter certainly seems both compelling
and simple at face value, under deeper scrutiny the WIMP “miracle” scenario faces a series of challenges.
The first issue is whether the thermal WIMP “miracle” indeed somehow implies that the WIMP mass lies near the
electroweak scale. Already from Fig. 1 one can see that the answer is negative: the allowed WIMP mass range can
be much larger. This can be understood as follows. On dimensional grounds one expects that
σann ∝ g
4
m2X
, (4)
where g denotes the coupling of some processes behind WIMP annihilation. Clearly, only their ratio has to be fixed in
order to obtain the weak interaction strength. A closer examination [277, 554] shows that very wide ranges of both
6FIG. 2: (Color online) Neutralino relic density from a scan over 19-dimensional SUGRA model parameter space, requiring the
chargino mass to lie above 103.5 GeV (in accord with LEP2 searches) and mχ < 500 GeV (naturalness). The measured value
of CDM density is indicated by the green dashed vertical line (from [72]).
g and mX are consistent with the freeze-out mechanism. However, it is also true that in some sense the electroweak
scale (within roughly an order of magnitude) can be regarded as being most naturally consistent with the freeze-out
mechanism.
The second issue with the WIMP “miracle” entails whether it really predicts the measured abundance of CDM in
realistic models (such as those based on SUSY). This problem can be illustrated in the context of the neutralino χ of
SUSY by computing the neutralino relic density in a general SUSY model, in this case the 19-parameter supergravity
(gravity-mediation) model, wherein all soft terms are stipulated at the GUT scale taken to be MGUT ' (2 ∼ 3)×1016
GeV. In Fig. 2, a thorough scan5 of 19-dimensional parameter space (subject to the chargino mass in excess of 103.5
GeV in accord with LEP2 searches and mχ < 500 GeV assuming SUSY naturalness
6) reveals that for a bino-like
lightest supersymmetric particle (LSP), then the predicted abundance Ωχh
2 lies 2–4 orders of magnitude above the
measured value while for a wino-like or higgsino-like LSP, then the predicted abundance lies 1-2 orders of magnitude
below the measured value. In fact, the measured CDM abundance lies at exactly the most improbable value: in the
case of SUSY, we would thus expect from theory either far greater or far lesser values of Ωχh
2 than is measured. In
fact, in the case of SUSY, the WIMP “miracle” scenario works best provided squark and slepton masses lie in the
50-100 GeV range [73, 262]; such a range of masses has long ago been excluded by direct collider searches.
In the case of SUSY, in order to match Ωχh
2 to data, then very specific neutralino types or annihilation mecha-
nisms are required: well-tempered neutralinos (just the right mix of bino-wino-higgsino for the LSP) [42, 83, 555],
co-annihilations (where the next-to-LSP (NLSP) and LSP have a very small mass gap) [261, 323], or resonance an-
nihilation [74] (e.g. χχ annihilation through the s-channel pseudoscalar Higgs A resonance with 2mχ ' mA). Much
of the parameter space for these enhanced annihilation scenarios has been excluded by recent limits from sparticle
5 Here, thorough means that if we double the number of scan
points, the resultant histogram hardly changes (aside from nor-
malization).
6 For mχ > 500 GeV, then the superpotential higgsino mass
µ & 500 GeV and consequently there are large, unnatural can-
cellations in the Z mass since in SUSY one expects m2Z/2 '−µ2 −m2Hu .
7searches and the Higgs mass at LHC8 although they currently do remain as viable possibilities provided one tunes
model parameters to just the right values [70, 141, 142, 294, 475, 565].7
The historic discovery of the Higgs boson at the LHC [1, 168] – apart from being a landmark achievement in itself
– seems to imply that the scale of SUSY breaking lies in the TeV range – consistent with new highly constraining
limits on superpartner masses (reaching in the case of the gluino and the squarks of the first two generations the
scale well above 1 TeV) and from the lack of sizable deviations from the SM in flavor processes. In SUSY, the
calculated Higgs boson mass includes radiative corrections [156] which are proportional to the scale of SUSY breaking
MSUSY. The rather large value of the Higgs mass of about 125 GeV typically implies MSUSY in the range of 1 to
even 12 TeV [69, 475]. Interestingly, in the multi-TeV region of superpartner masses there exists a higgsino-like DM
solution with the right amount of relic density and with mass close to 1 TeV [476]. The solution is generic since all that
is required is the Higgs/higgsino mass parameter µ (the higgsino mass) is close to 1 TeV – no special mechanisms to
reduce the relic abundance need be invoked – and that it is the LSP. This can be easily achieved in phenomenological
SUSY scenarios, e.g., the Minimal Supersymmetric Standard Model (MSSM) [42, 83, 293, 555] where µ is a free
parameter. In frameworks with grand-unification assumptions the situation is less obvious since the µ parameter is
not free there but is determined, via the conditions of electroweak symmetry breaking, and by the other parameters of
the model. The correct higgsino solution can still be found in large regions of unified MSSSM models [153, 475, 564],
and beyond (see, e.g., [409]).
Prior to the LHC the higgsino was known as a subdominant relic, while the bino was favored. The shift of the
SUSY breaking scale to the TeV range, as implied by LHC limits and the large value of the Higgs mass has led to
the emergence of the ∼ 1 TeV higgsino as a motivated and testable DM candidate. An alternative view, which relies
on naturalness, favors higgsinos in the mass range ∼ 0.1 TeV but with too low relic density [64–66], in which case one
invokes an additional DM relic, e.g., the axion, to make up for the rest of the relic density.
A third, and related to the previous, challenge to the thermally produced WIMP dark matter paradigm is a
continuous lack of a confirmed experimental detection signal. Much experimental activity has been directed to search
for DM using the well-known strategies:
1. direct WIMP-nucleon scattering in underground detectors,
2. indirect detection of WIMPs in space by measuring the products of their annihilation into anti-matter or
gamma-rays, and
3. detection of WIMP produced at colliding beam experiments such as LHC, where the WIMP signal would be
revealed as anomalously high rates for events containing missing transverse energy EmissT .
Current limits from direct search experiments are shown in Fig. 3 where the spin-independent detection cross
section (σ, or σSIp ) is plotted against WIMP mass. Also shown for comparison are the favored theory regions of
the Constrained MSSM (CMSSM) [411] for µ > 0 following from recent global analyses of Buchmueller et al. (χ2
approach) [142] and Roszkowski et al. (Bayesian approach) [565] (updated from [475]).
The new LUX limit has excluded the focus point region corresponding to the mixed (bino-higgsino) neutralino
(which had already been excluded by LHC data on SUSY limits and the Higgs mass [475]) and it is starting to
probe the large ∼ 1 TeV higgsino DM region. New limits expected later this year from the current runs of LUX and
Xenon100 will reach down to explore a large fraction of σ. The rest of the ∼ 1 TeV higgsino region, as well as the stau
co-annihilation and A funnel regions (at lower masses, from left to right), will have to wait for one-tonne detectors
to be at least partially probed. It is worth stressing here, however, that in less constrained SUSY models the allowed
ranges of both neutralino mass and spin-independent cross section tend to be wider, and in phenomenological SUSY
scenarios, like the pMSSM, very much wider; for recent studies, see [154, 293]. In such models recent Xenon100 and
LUX limits have excluded a wide range of well-tempered neutralinos [83, 295, 475] lying at σSIp ∼ 10−44 cm2.
Claims exist in the experimental community of possible detection of WIMP signals including seasonal variation
of low mass (∼ 10 GeV) WIMP events in sodium iodide crystal in DAMA/Libra [108] and direct detection of
low mass WIMPs at CoGeNT [2], CREST II [37] and CDMS/Si [20]. These low mass WIMP signals seem at face
value inconsistent amongst themselves [228, 315], and are now also in strong conflict with recent null searches by
Xenon100 [40], CDMSLite [19] and LUX [24], even after taking into account different CDM halo profiles and velocity
distribution [226–229].
7 The possibility of pure wino CDM now seems in violation of
indirect detection limits [29, 207]. Mainly higgsino CDM remains
a possibility for higgsino masses above about a TeV.
8FIG. 3: (Color online) Direct detection search limits in the mX vs. σ
SI
p plane. For comparison we show the latest theory
predictions for the usual case of the CMSSM with µ > 0 from global analyses of Buchmueller et al. (χ2 approach) [142] and
Roszkowski et al. (Bayesian approach) [565] (updated from [475]). The pMSSM region of Cahill-Rowley et al. has a much
wider region [154]. The yellow region below is the neutrino background [114].
In addition, there exist a variety of claims from indirect detection experiments. The recent AMS-02 confirmation
of an unexpected rise in the positron energy distribution confirms previous PAMELA data and may hint that WIMP-
type DM can be around 700 GeV–1 TeV [21]. However, an alternative explanation occurs in that positrons may be
created from ordinary pulsar processes [92, 363, 553], so it is unclear if this signal is really an indication of WIMP
dark matter. The Fermi-LAT gamma ray telescope also sees a possible anomaly in the high energy gamma ray
spectrum [621]. All these claims are weakened by large and often poorly understood astrophysical backgrounds.
A fourth problem with the thermal WIMP-only CDM scenario is that it ignores other matter states that may
necessarily come along with the DM particle in a complete theory and which therefore are likely to also play a role in
cosmology. Such a case is illustrated by the gravitino problem in SUSY models. In the case of gravity mediation, one
expects the presence of gravitino G˜ with mass m3/2 (also denoted by mG˜) not far above the weak scale.
8 Gravitinos,
8 The simplest gauge-mediation and anomaly-mediation scenarios
seem under pressure by the measured value of the Higgs mass at
mh ' 125 GeV [68].
9FIG. 4: (Color online) Regions of the m3/2 vs. Treh plane which are excluded by 1. overproduction of neutralino dark matter
(upper-right) and by 2. BBN constraints on late-decaying gravitinos (from [428]).
while not in thermal equilibrium in the early Universe, can still be thermally created via scattering and decay processes
at large rates which are proportional to the reheat temperature Treh at the end of inflation. If m3/2 > mX , then for
high enough Treh, the WIMP abundance will be augmented, possibly in excess of measured values. Furthermore, late
decays of gravitinos into SM particles may destroy the successful predictions of Big Bang Nucleosynthesis (BBN). The
gravitino problem is illustrated in Fig. 4 (taken from Ref. [428]). Large swaths of the m3/2 vs. Treh plane are excluded
by BBN/overproduction constraints unless either m3/2 is quite large (& 5 TeV) or Treh is low [436] (. 105 GeV). The
latter requirement disfavors simple thermal baryogenesis-via-leptogenesis scenarios which seem to require Treh & 109
GeV [150]. The former seems unlikely under simple naturalness considerations where m3/2 is expected to lie not far
beyond the weak scale. However, such large multi-TeV values of m3/2 are allowed by more detailed scrutinization
of naturalness [68] and indeed are favored by the large value of the Higgs boson mass, the stringent lower limits on
superpartner masses from LHC direct searches and by a decoupling solution to the SUSY flavor and CP problems.9
In addition to these, in the thermal WIMP-only scenario one is compelled to solve the strong CP problem of
Quantum Chromodynamics (QCD). If it is solved by a very light axion, axions contribute to CDM and can change
the thermal WIMP-only scenario.
Briefly, QCD in the limit of two light quarks possesses an approximate global U(2)L×U(2)R symmetry, which can
be recast as U(2)V×U(2)A. The U(2)V symmetry gives rise to the familiar isospin and baryon number symmetries
while the U(2)A is broken by anomalies: since U(2)A is rank four, then by Goldstone’s theorem it should give rise to
four light pions while in nature we see only three light pions and one heavy η′. ’t Hooft solved this supposed U(1)A
problem using the QCD θ vacuum [362]: the extra U(1)A symmetry is badly broken by the anomaly term which
contributes dominantly to the η′ mass. Two important consequences of the ’t Hooft solution are that:
1. η′ is much heavier than pi’s, and
2. the anomaly term is real [453].
9 On the other hand, when the gravitino is the LSP and stable,
ordinary sparticles can decay into it and an electromagnetic or
hadronic shower. A combination of this and the overclosure argu-
ment then puts an upper bound Treh ∼< 109 GeV [263, 265, 516].
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Thus, the QCD Lagrangian should contain a term
L 3 θ¯
32pi2
GaµνG˜
µν
a , (5)
where θ¯ = θ+ arg(detM), andM is the quark mass matrix. This Lagrangian term gives contributions to the neutron
EDM; comparison with experiment tells us that θ¯ . 10−10: i.e. the term has to be there, but it should be somehow
minuscule [453]! This is the strong CP problem of QCD.
After 35 years, perhaps the only compelling solution to the strong CP problem requires introduction of an additional
global PQ symmetry to the Lagrangian [541, 542] and its concomitant axion [617, 622].10 The scale of PQ symmetry
breaking fa is required to be fa & 109 GeV; otherwise supernovae cool too quickly [236, 558]. Since axion couplings
are proportional to f−1a , their couplings are of super-weak strength leading to the so-called invisible axion [244,
441, 583, 628]. The axion mass is expected to lie in the µ eV range. The introduction of the axion field allows the
offending GaµνG˜
µν
a term to dynamically settle to zero, but in the process fills the Universe with axions as CDM via
(non-thermal) bosonic coherent motion (BCM) of the axion field [9, 243, 552]. It seems that any theory of DM which
neglects the axion stands a good chance of being incomplete.
For many years, physicists have often considered either WIMP-only [403] or axion-only [587] theories of CDM.
This appears to us to be a false dichotomy. In a pure PQ extension of the SM, it is hard to understand – in light
of the Higgs boson discovery – why the running Higgs mass does not blow up at least to the PQ scale, far beyond
the electroweak scale. In a SUSY extension of the SM, the newly measured Higgs boson mass can be in accord with
theory, but then there is no solution for the strong CP problem. Nature seems to need both. However, introducing
an axion into any SUSY theory radically changes the calculus of the DM relic abundance. Along with the axion, one
must now include its SUSY partners – the spin- 12 axino a˜ and the spin-0 saxion s. In such a case, both thermal and
non-thermal production processes of axions, axinos, saxions, neutralinos and gravitinos can occur and the various
abundances of each can feed into the others via production and decay processes in the early Universe. Furthermore,
embedding the PQ symmetry into the supersymmetrized SM allows for the possibility that the R-party-odd axino
may now be the LSP and is a viable DM candidate.
The current situation presents an opportunity to review the status of non-thermal relics in a more complete way
and with some generality. In this report we pay particular attention to SUSY models incorporating axionic states,
but also, for completeness, we review several thermal as well as non-thermal DM candidates that have been suggested
in the literature.
The remainder of this review article is organized as follows. In Sec. II, we present a general overview of physics in
the early Universe. In Sec. III, we briefly present the basic reasons for introducing global and discrete symmetries
needed for the BCM and WIMP dark matter scenarios. After introducing the thermal DM production mechanism in
Sec. IV, we continue the non-thermal production mechanism in Sec. V. In Sec. VI we present with some detail the case
of thermal and non-thermal DM production in PQ/SUSY extensions of the SM. In Sec. VII, a variety of non-SUSY
non-thermal DM candidates are also reviewed. Sec. VIII contains a brief summary along with a global outlook.
Below we summarize the notation used in this review. The superpartners of the SM and some physical constants
are:11
G˜ = gravitino,
g3/2 = spin ±3/2 components of gravitino,
g1/2 = goldstino and also spin ±1/2 components of gravitino,
g˜ = gluino, W˜ = Wino, Z˜ = Zino, B˜ = Bino, γ˜ = photino,
χ = χ˜ = χ˜01 = χ˜1 = the lightest neutralino,
10 One can try to address this in specific, calculable models [453],
but the model ought to also explain SM phenomena at the level
of explaining mh ' 125 GeV (as SUSY models do).
11 Since the spin-2 graviton is represented by gµν , we represent
the spin- 3
2
and the spin- 1
2
part of the graviton supermultiplet as
g3/2 and g1/2, respectively, and the collection of these as G˜ whose
mass is denoted as m3/2 or mG˜. The goldstino is denoted by g1/2
without a tilde. On the other hand, the gluino is represented by
g˜ with its mass denoted as mg˜ .
11
TD = temperature at the time of X decay,
Tfr = freezeout temperature of DM,
Tdec = decoupling temperature,
Treh = reheating temperature,
GeV · cm = 0.5067689× 1014,
GeV · s = 1.519255× 1024,
GHz = 4.136× 10−6 eV,
oK = 0.861735× 10−4 eV,
MP = Reduced Planck mass = 2.44× 1018 GeV,
ρc = 3H
2
0M
2
P = 1.88× 10−29h2 g · cm−3 = 8.1× 10−47h2 GeV4,
tU = 4.3× 1017 s,
where h is the present Hubble parameter in units of 100 km/s/Mpc. The recent Planck satellite data [12] gives
h ' 0.674.
II. PHYSICS IN THE EARLY UNIVERSE
In this section, we briefly review physics in the early Universe, including some necessary information on particle
physics and cosmology. For a standard textbook treatment, see e.g. [471, 557].
The evolution of the Universe can be described by the Einstein equations which arise in general relativity. Including
matter fields and a cosmological constant (CC) Λ, then
Rµν − 1
2
Rgµν ≡ Gµν = 8piGTµν + Λgµν , (6)
where Gµν is the Einstein tensor and Tµν is the stress-energy tensor which includes all the fields present – matter,
radiation etc. For a homogeneous, isotropic Universe, the metric is given by the Friedmann-Robertson-Walker (FRW)
form:
ds2 = dt2 −R2(t)
{
dr2
1− kr2 + r
2dθ2 + r2 sin2 θdφ2
}
, (7)
where R(t) is the scale factor and k is the curvature = −1, 0 or 1 for an open, flat or closed Universe. In this case,
the Einstein equations lead to the Friedmann equation
H2 +
k
R2
=
8piG
3
ρ, (8)
which governs the expansion of the Universe (here, we introduce the Hubble parameter H ≡ R˙/R and ρ is the energy
density). Combined with the continuity equation,
ρ˙+ 3H(ρ+ p) = 0, (9)
one can solve the Friedmann equation for each case of radiation, matter or CC dominated Universe. The scale factor
then evolves as
Radiation ρ ∝ R−4,
Matter ρ ∝ R−3,
Cosmological Constant ρ ∝ constant.
(10)
The early Universe was dominated early on by relativistic particles (radiation-dominated, RD) and later on matter
became dominating (matter-dominated, MD). At present, it is known that the Universe is accelerating and thus is
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described by a vacuum- (or CC-) dominated Universe. The early RD Universe is considered to be preceded by a
different accelerating phase of the Universe known as cosmic inflation.
An initial inflationary period provides an explanation for the cosmological problems related to the initial conditions
of the standard Big Bang cosmology (for a review, see e.g. [498]). During inflation the Universe became very flat and
homogeneous with only small amounts of fluctuations. After inflation, the oscillating inflaton field φ briefly makes
the Universe matter-dominated until its decay produces relativistic particles: the Universe is then reheated and thus
begins the standard Big Bang Universe. This process is called reheating.
For simplicity, it is usually assumed that the particles produced from inflaton decay are thermalized instantly and
the reheating temperature Treh is defined as the temperature when the energy density of radiation dominates the
matter density of the oscillating inflaton field [27, 471], i.e. Treh is the maximum temperature attained during the
RD phase. That happens around a time comparable to the lifetime of the inflaton field, t ∼ H−1 ' τ = Γ−1φ , when
the inflaton energy density exponentially decreases. From the Friedmann equation, the reheating temperature can be
expressed as
Treh '
(
90
4pi2g∗
)1/4√
ΓφMP. (11)
However, the maximum temperature Tmax (the highest temeprature reached after inflation but which may be attained
before the onset of RD) can be much higher than the reheating temperature [307, 471]. If the thermalization is delayed
and occurs after RD, then the reheating temperature can be much lower than that defined by Eq. (11) [223, 510].
To maintain the successful predictions for the abundances of light nuclei production during the standard Big Bang
Nucleosynthesis (BBN), it is required that Treh & 4 MeV [337].
The early Universe after inflation was filled with relativistic particles in a plasma that was very hot and dense.
The relativistic particles, collectively referred to as radiation, became thermalized due to their self-interactions thus
reaching local thermodynamic equilibrium. From the equilibrium distributions, the energy density, number density
and entropy density of radiation are given by
ρR =
pi2
30
g∗T 4, (12)
nR =
ζ(3)
pi2
g∗ST 3, (13)
and
s =
2pi2
45
g∗ST 3, (14)
where ζ(3) = 1.20206 . . . is the Riemann zeta function of 3, g∗ counts the effective number of relativistic species
present in equilibrium and g∗S denotes the effective degrees of freedom of entropy at the time of decoupling.
For the non-relativistic particles in thermal equilibrium (e.g. WIMPs X), one finds
ρX = mXnX , with nX = g
(
mXT
2pi
)3/2
exp[−(mX − µ)/T ], (15)
where µ is the chemical potential.
Whether any DM particles are thermalized or not is determined by comparing the interaction rate Γint to the
expansion rate of the Universe H. When the interaction rate is much faster than the expansion time scale, i.e. ,
Γint
H
> 1, (16)
the species are in thermal equilibrium; in the opposite case they never reach thermal equilibrium. The temperature
Tdec at the epoch Γint = H is called the decoupling temperature of the particles and is slightly different from the
freeze-out temperature Tfr below which the mass fraction of the particle stays constant. Since they are very similar,
we will for the most part not distinguish them in this review.
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III. THEORY OF DARK MATTER
A. Symmetry considerations for dark matter physics
To obtain DM candidates theoretically, certain underlying symmetries are required. The bosonic coherent motion
(BCM) such as the axion field oscillation relies on very light bosons. Light bosons are almost massless. Theoretically,
therefore, it is better for them to originate from Goldstone bosons [312] by feebly breaking the corresponding global
symmetries. However, global symmetries are not respected by quantum gravity effects [305, 306]. In fact, quantum
gravity effects were used to argue against the QCD axion for the case of intermediate scale decay constant fa ∼
109 − 1013 GeV [97, 251, 304, 356, 410]. The U(1)s corresponding to BCM candidates must be explicitly broken so
that they generate a potential for the collective motion to roll down. In the QCD axion case, the axion-GG˜ coupling
breaks the global PQ symmetry U(1)PQ. For other coherent motions [460], similar methods can be applied.
The case of WIMPs requires a discrete symmetry, parity (such as the R-parity in SUSY models) or Z2 symmetry.
However, not all discrete symmetries are safe from quantum gravity effects. Because of this reason, only discrete groups
which can be subgroups of gauge groups were suggested for safe discrete groups called discrete gauge symmetry [478].
Because of the gravity dilemma of global symmetries, global symmetries which arise as approximate global symmetries
from discrete gauge groups were suggested [449], which has been shown to arise from string compactification [448,
449]. This method was applied even for generating a dark energy potential if the corresponding U(1)DE is anomaly
free [450, 459].
The BCM mechanism based on discrete symmetries works well for pseudoscalar pseudo-Goldstone bosons. For
scalar Goldstone bosons to be realized linearly, one notices the difficulty in forbidding the scalar mass term m2φ∗φ
from a discrete symmetry. For the pseudoscalar case, even if m2φ∗φ is present as in the soft terms in supergravity,
the phase field in φ may not carry mass. The dilaton idea was suggested and treated usually as a non-linearly realized
case [543],12 but it does not enjoy the merit of the pseudoscalar case mainly because quantum loops generate d 6= 4
terms also.
B. WIMPs vs. BCM
There are two well known candidates for CDM: 1. the bosonic coherent motion (as occurs for production of cold
axions) and 2. the WIMP possibility. The BCM case involving the axion [9, 243, 552] requires a very light boson
whose lifetime needs to be larger than the age of the Universe. If DM is the QCD axion, its mass should be smaller
than . 24 eV [453] to live long enough until present.
An alternative example of BCM is the case of the inflaton field Φinf whose oscillation dominates the energy content
of the Universe during inflation. As Φinf oscillates and then decays, it may produce WIMPs and/or other visible
sector particles depending on the Φinf couplings. Since the Φinf lifetime is of the order the reheating time, the Φinf
oscillation cannot account for the CDM density.
The WIMP particle, as mentioned in the discussion of the WIMP “miracle” scenario, is most naturally realized
with both mass and interaction strength typical of the weak scale. For example, if the lightest neutralino of SUSY
theories is also the LSP, then it interacts with other superpartners of the SM particles which also have mass in the
TeV region.
The underlying theories of BCM and WIMP DM require symmetries: some global symmetry for the case of BCM
and the discrete symmetry for the case of WIMP. Asymmetric dark matter (ADM) can be produced via mechanisms
similar to those which generate the baryon asymmetry.
There exists another possibility for DM: introducing new forces called dark forces. This has been suggested in
Ref. [45] to account for data from satellite measurements of positron, photon and proton spectra [15, 87, 98, 101, 164,
224, 369, 413]. If there exists (baryon)′s under the new forces, its stability is guaranteed just as is the proton in the
SM. The kinetic mixing of U(1) forces [355] between the SM and new forces may be a portal to the dark force. For
this kind of DM, its stability belongs to one of the above categories and here we will not discuss it separately.
Whether the CDM is a coherent motion or a WIMP, its lifetime must be larger than the age of the Universe,
tU ' 4.3× 1017 s' 1/6.45× 1042 GeV. If the X decay interaction to lighter particles is given by
1
M˜n
φ1 · · ·φ`X (17)
12 For a recent discussion, see [216].
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where the φ’s are bosons or fermions, then the decay width to massless φ’s is
Γ ≈ M
2n+1
X
M˜2n
(phase space factor) = (phase space factor)
(
MX
M˜
)2n
MX . (18)
For the axion, we can take n = 1, M˜ ∼ 1013 GeV and MX = 10−5 eV (the phase space factor is ∼ 10−2) so that
Γ ≈ 10−61 eV ≈ 1/1041years  1/tU . For n = 1, a keV particle needs M˜ > 2.5 × 1011 GeV for it to live longer than
the age of the Universe.
C. Bosonic coherent motion as exemplified by axions
The possibility of CDM via a BCM was proposed in [9, 243, 552] in connection with the axion coupling. String
theory, the most popular ultraviolet-completed theory, houses plenty of pseudoscalar particles. They come from the
antisymmetric field BMN [623, 624] and matter representation [448]. Some of these pseudoscalar particles behave like
axions in that they have no couplings except to the anomalies: these are called ‘axion-like particles’ or ALPs (for
a recent review on ALPs, see [392]). ALPs are defined for the possibility of detecting them via axion-type search
experiments, i.e. phenomenologically they are defined by their coupling to the electromagnetic field (aALP/fa)Fµν F˜
µν .
Unlike the axion, its mass is a free parameter, not related to f−1a .
The basic idea of any coherent motion as CDM is not much different from the case of axion CDM. To be specific,
here we discuss the axion case but with the proviso that one may replace the PQ scale fa by some other effective
mass scale in other bosonic cases if needed, which means that it does not couple to the QCD anomaly.
The axion case begins with the axion coupling to the gluon anomaly
L = αs
8pifa
aGaµνG˜
aµν , (19)
where αs = g
2
s/4pi is the strong coupling constant and G˜
aµν = 12
µνρσGaρσ is the dual of the field strength G
aµν for
eight gluons Gaµ (a = 1, 2, · · · , 8). This interaction term can be obtained after integrating out colored heavy fields
below the PQ symmetry breaking scale fa but above the electroweak scale vEW. The lower bound on the axion
decay constant is obtained from beam dump experiments and from astrophysical studies. In particular, the currently
accepted lower bound comes from the SN1987A energy loss rate, fa & 1010 GeV, [556, 559, 604, 605]. For the coupling
to electron, the red-giant branch gives a bound gae < 4.3×10−13 [606]. An upper bound of fa ∼< 1012 GeV is frequently
mentioned in the literature to avoid overproduction of axions; this limit is highly dependent on assumptions regarding
the initial misalignment angle [62, 603, 613] and entropy dilution in the early Universe and hence will not be used
here. For string axions from BMN , the decay constant is bigger than 10
16 GeV [178, 597] (alternative string-based
axion models with fa within the “axion window” ∼ 1011 GeV are shown in [358]). It was pointed out that if there
is no inflation after the PQ phase transition, the energy density of hot axions generated by axionic string oscillation
lowers the upper bound of the decay constant fa to 10
10 − 1011 GeV [616, 626]. For an ALP, the ALP mass and the
coupling to the QCD anomaly are not related. A recent summary of ALPs has been presented in [43].
A general low-energy axion interaction Lagrangian can be written in terms of the effective couplings c1, c2, and c3
with the SM fields that arise after integrating out all heavy PQ-charge carrying fields. The resulting effective axion
interaction Lagrangian terms are [453]
Leffint = c1
(∂µa)
fa
∑
q
q¯γµγ5q
−
∑
q
(q¯LmqRe
ic2a/fa + h.c.) +
c3
32pi2fa
aGG˜
+
CaWW
32pi2fa
aWW˜ +
CaY Y
32pi2fa
aY Y˜ + Lleptons,
(20)
where c3 can be set to one by rescaling fa. The axion decay constant fS , θ = a/fS with c3 = 1 (or replacing fa by
fS with c3 = NDW – for more see the last paragraph of this subsection), is defined up to the domain wall number of
the PQ singlet S, fS = NDWfa. The derivative interaction term proportional to c1 preserves the PQ symmetry. The
c2-term is related to the phase of the quark mass matrix, and the c3-term represents the anomalous coupling. The
axion-lepton interaction term Lleptons is analogous to the axion-quark interaction term.
Two prototype field theory models for very light axions (so-called invisible axions) have been considered in the
literature. At the SM level, one considers the six SM quarks, u, d, s, . . ., as strongly interacting matter fermions.
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Above the electroweak scale vEW ' 246 GeV, one additionally introduces beyond-the-Standard Model (BSM) heavy
vector-like quarks (Qi, Qi), which in the interaction Lagrangian in Eq. (20) are already integrated out.
At the field theory level, the axion is present if quarks carrying the net PQ charge Γ of the global U(1)PQ symmetry
exist. In the Kim-Shifman-Vainstein-Zakharov (KSVZ) model [441, 583], one introduces only heavy quarks as PQ
charge-carrying quarks. This results in c1 = c2 = 0, and c3 = 1 below the vEW, or below the QCD scale ΛQCD. The
gluon anomaly term (the c3 term), induced by an effective heavy quark loop, then solves the strong CP problem. The
axion field is a component of the SM singlet scalar field S. String axions from BMN [178, 179, 597, 623, 624] behave
like the KSVZ axion since they are defined by the QCD-anomaly coupling at low energy.
In the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) model [244, 628], one instead does not assume any net PQ charge
in the sector beyond the SM (BSM), but the SM quarks are assigned the net PQ charge, i.e. , c1 = c3 = 0 and c2 6= 0
below the electroweak scale vEW. Here also, the axion is predominantly a part of the SM singlet scalar field S. String
axions from matter [445, 448, 451, 452] have a component mimicking the DFSZ axion in addition to a KSVZ axion
component. These field theory models can be realized in terms of a fundamental pseudoscalar field or a composite
pseudoscalar field [52, 177, 197, 443, 458].
Several specific implementations of the KSVZ and the DFSZ frameworks can be found in Refs. [447] and [453]; these,
however, require a whole host of additional BSM fields. Realistically, any references to the properties of the KSVZ
and the DFSZ models can serve, at best, as guidelines. In this respect, unfortunately, there exists only two references
clarifying the axion-photon-photon coupling at the Lagrangian level from a string-derived BSM framework, one with
the approximate PQ symmetry [180] and the other with the exact PQ symmetry [452]. We can view the axion models
by classifying by the terms defining the PQ symmetry. The PQ symmetry in the Peccei-Quinn-Weinberg-Wilczek
(PQWW) axion is defined by the renormalizable couplings in terms of the SM fields only. For ‘invisible axions’,
it is sometimes succinct to present the case in terms of SUSY models. A SM singlet X must be included for an
‘invisible axion’. The PQ symmetry of X is defined by the QCD anomaly term. For the invisible axion, we consider
an effective theory of the SM fields plus X below the GUT scale. Suppose the axion coupling arises only in the aGG˜
term in the effective theory. Then, its realization at the field theory level by renormalizable interactions is the KSVZ
model by the heavy quark coupling XQQ at the mass scale of X. Its realization by nonrenormalizable interactions
in string theory is the model-independent axion [623]. If the PQ charge is defined by the d = 4 superpotential term
HuHdX
2/MGUT [457], its realization by the renormalizable couplings is a SUSY DFSZ model.
13 Without SUSY, one
can present a similar argument for the DFSZ.
Before one considers spontaneous symmetry breaking of U(1)PQ, the axion Lagrangian can be said to have the axion
shift symmetry (which is just a phase rotation) a → a + constant, and the physical observables are invariant under
the PQ phase rotation. Below fa, the PQ rotational symmetry is broken, which is explicitly reflected as a breaking of
the axion shift symmetry through the appearance of the c2 and the c3 terms in Eq. (20). However, the c2 term enters
into the phase, and a discrete shift of the axion field can bring it back to the original phase. The c3 term is the QCD
vacuum angle term, and if the vacuum angle is shifted by 2pi, then it comes back to the original value. Thus, even
though the U(1)PQ is broken, one of its discrete subgroups, i.e. , the one corresponding to the common intersection
of the subgroups corresponding to the c2 and the c3 terms, can never be broken. As a result, the combination c2 + c3
is invariant under the axion shift symmetry, and c2 + c3 is defined to be an integer signifying the unbroken discrete
subgroup of U(1)PQ [453]. It is called the domain wall number NDW = |c2 + c3| [586].
D. Weakly interacting massive particle (WIMP)
The first cosmological study of a heavy stable particle interacting weakly with the visible-sector particles was
performed by Lee and Weinberg [494] based on 2→ 2 interactions. This was followed by studies of the SUSY photino
by Goldberg [311] and general neutralino by Ellis et al. [262] and has been reviewed extensively in the case of SUSY
models in, e.g. [403].
A particle X of mass mX is absolutely stable if there are no particles lighter than the sum of masses of those
particles whose total quantum number is equal to that of X: i.e. mX <
∑
mi. Both the proton and the electron
are examples of stable particles whose stability arises from a symmetry principle: in the former case, from baryon
number conservation whilst in the latter case, from electric charge conservation. For the proton, a global symmetry is
13 A similar comment applies to the neutrino mass for which the
effective operator, defining the lepton number of Hu, is given by
the Weinberg operator ``HuHu/M [618] which may be generated
by the seesaw model with renormalizable couplings.
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FIG. 5: A cartoon for a wormhole connecting the visible Universe and a shadow world.
frequently used. The proton is the lightest particle carrying a global U(1)B quantum number, the baryon number B.
Since there is no lighter baryon number carrying color-singlet particle below the proton mass, the proton is absolutely
stable if B is exact. However, in theories where B is broken – e.g. in GUTs – the proton can decay to lighter particles
such as p → e+pi0. If one uses a discrete symmetry, a similar argument can be used: if there is no combination of
lighter particles with the same discrete quantum number of X with mass below mX , then X is absolutely stable if
the discrete symmetry is exact. If the discrete symmetry is broken, then X is not absolutely stable.
In the literature [387, 388], nonabelian discrete symmetries have been considered, mainly for the lepton mass matrix
texture. However, these may not be so useful for the case of the WIMP because ‘nonabelian’ by definition includes
many non-singlet representations [16, 499] while in the WIMP context we discuss only one absolutely stable particle.
If one considers a nonabelian discrete symmetry spontaneously broken down to Z2, the DM stability is not due to the
nonabelian nature but to the group Z2 [512].
The simplest example of a discrete symmetry is Z2 or parity P because then all the visible-sector particles are
simply assigned 0 (or +) modulo 2 quantum number of Z2 (or parity P ). Because most of the visible-sector particles
are assumed to be lighter than the WIMP, the WIMP is assigned 1 modulo 2 quantum number of Z2 (or − of parity
P ). The WIMP which is responsible for CDM is the lightest Z2 = 1 (modulo 2) particle, or the lightest P = −1
particle. This case is very elementary because then one may classify particles into two sectors: the visible sector with
Z2 = even and the other sector with Z2 = odd. For a SUSY WIMP, an exact Z2R has been used such that the lightest
Z2R-odd particle can be the WIMP [331, 333]. With a bigger discrete symmetry, classification of particles according
to the quantum numbers of the discrete symmetry is more complex, but may also result in a stable WIMP.
E. Discrete and global symmetries
Discrete symmetries are useful in two respects. First, they limit possible interaction terms in the Lagrangian,
which can simplify the study of cosmic evolution. Second, not all the possible discrete symmetries are ruled out
from string theory and gravitational interactions. Since there does not exist a universally accepted quantum gravity
theory at present, our discussion may only proceed via classical aspects of the gravity sector by topology change,
i.e. in connection with wormholes and black holes which can take information out from the visible Universe. In this
case, some discrete symmetries are allowed while others are not. In Fig. 5, an illustration is shown where a wormhole
connects the visible Universe with a shadow world, where the flux lines of a U(1) gauge boson are shown. If the neck
of the wormhole is cut to separate out the shadow world, the visible Universe recovers the charges and an observer O
in the visible Universe does not consider that gauge charges are taken out from his Universe. So, gauge symmetries
are considered to be unbroken by the gravitational effects [305, 306]. On the other hand, global symmetries do not
accompany flux lines and the observer O notices that global charges are lost if the wormhole neck is cut. Thus, global
symmetries are not considered to be respected by gravity and indeed the PQ global symmetry has been considered
in this context [97, 251, 304, 356, 410].
Using a bottom-up approach, discrete gauge symmetries have been considered widely in SUSY models for obtaining
the stability of the proton [89, 306, 377], e.g. R-parity. Also, recently, the SUSY µ-problem has been solved (under
the unification assumption) with the discrete symmetry Z4R and more generally ZnR where n > 2 is a divisor of
24 [53, 174, 492, 493, 539].
On the other hand, the top-down approach relies on all the spectrum in the model and the conclusions of the
above bottom-up study do not apply [449]. String compactification allows a consistent massless spectrum with
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FIG. 6: A cartoon for the terms satisfying the discrete (red) and global (green) symmetries. The lavender part satisfies both
the discrete and global symmetries.
singlets included if needed [89]. In addition, it is known that certain discrete symmetries are allowed in string
compactification [249, 336, 465]. This can be used to rule out some compactification models from the observed
discrete symmetry. The most widely worked-out top-down studies from E8 × E8′ heterotic string with suitable MSSM
spectra are Z12−I [181, 375, 454, 455], Z6−II [489], and Z2 × Z2 [292, 421]. Recently, discrete symmetries have been
studied from the Z12−I [448, 449] and Z6−II [529] compactification of the heterotic E8 × E8′. Even the tiny dark
energy can be obtained from this kind of approximate global symmetry starting from an exact discrete symmetry by
making a QCD anomaly-free global U(1) [450, 459].
There is an easy way to construct ZN and ZNR discrete symmetries from string compactification [449]. First, find
out a gauge U(1) which is a subgroup of E8 × E8′. Second, assign VEVs to some SM singlets with an even integer
U(1) quantum number; take e.g. the quantum number to be N . In SUSY, if the superpotential terms carry the
quantum number 0 modulo N , then the discrete group is ZN . If the superpotential terms carry the quantum number
2 modulo N , then the discrete group is ZNR.
For proton stability, the R-parity is used to forbid dimension-3 superpotential terms such as ucdcdc. But the
dimension–4 superpotential term qqq` is not forbidden. The coefficient of the term qqq` must be less than 10−7 from
the bound on the proton lifetime [533]. However, the dimension-4 Weinberg superpotential term ``HuHu [618] is
needed for neutrino masses via the seesaw mechanism [513]. Forbidding qqq` but allowing ``HuHu has been studied
under ‘proton hexality’ [55, 256] and Z4R [493]. In general, ZNR can achieve this goal in the top-down approach.
A simple way to understand how R-parity might arise comes from SO(10) SUSY GUTs. In the case where matter
superfields fill out a complete 16-dimensional spinor of SO(10) and MSSM Higgs fields live in the 10, then the
superpotential only admits matter − matter − Higgs couplings, while R-parity violating terms are all of the form
matter −matter −matter or matter − Higgs. Depending on how SO(10) is broken, the exact R-parity conservation
may or may not survive down to low energies [50, 51, 490, 508]. This simplicity of SO(10) results from (matter) →
spinor S(= 16) and (Higgs) → vector V (= e.g . 10) assignments of SO(10) because one needs an even number
of SO(10) spinors to construct an SO(10) vector. In any SM or GUT theory arising from the compactification of
heterotic E8×E′8, similar spinor and vector assignments of the gauge group E8×E′8 were used in [454, 489]. Recently,
the (unstable) axino CDM scenario with R-parity violation (to generate the baryon asymmetry via the Affleck-Dine
mechanism) has been discussed in detail [390]. For the bulk of this review– if not specified explicitly– R-parity
conservation has been implicitly assumed.
Most DM candidates suggested so far, e.g. Wimpzilla DM, minimal DM, Kaluza-Klein DM, Chaplygin DM (see
Sec. VII), rely on exact or almost exact discrete symmetries.
F. BCM supersymmetrized
As an important application of discrete symmetries, a discrete subgroup of gauge U(1)s can be used to obtain
some approximate global symmetries. The approximate PQ symmetry U(1)PQ [180, 182] and the approximate U(1)R
symmetry [421] from string compactification have been considered before. Fig. 6 shows how an approximate global
symmetry is obtained from a top-down approach. Gauge symmetries are not spoiled by gravitational interactions. If
a discrete symmetry results from a subgroup of gauge symmetries of string compactification, there is no spoiling of the
discrete symmetry by gravity [449]. One can consider a series of interaction terms allowed by the discrete symmetry.
The vertical red band of Fig. 6 represents the infinite tower of terms not spoiled by gravity. If one considers the few
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lowest order terms of the red column, there can be an accidental global symmetry. With this global symmetry, one
can consider an infinite series of terms shown as the horizontal green band of Fig. 6. The terms shown in lavender
satisfy both of the discrete and global symmetries. But, the horizontal green terms outside the lavender are neglected
because they are spoiled by gravity. However, the vertical red band terms not spoiled by gravity break the global
symmetry. Then, there results an approximate global symmetry [54, 449, 450, 459].
SUSY models containing a very light axion can provide clues to the magnitude of the axion decay constant fa. In
Ref. [442] it was speculated that fa is related to the MSSM Higgs/higgsino mass parameter µ as fa ∼
√
µMP . Along
the line of the preceding paragraph: to avoid the wormhole breaking of the PQ symmetry [97], fa has been given
from the S2 × S2 symmetry [448].
As stated in the Introduction, the supersymmetric extension of the axion field includes the fermionic partner a˜
called the axino [299, 528, 599], as well as a real scalar field s called the saxion. The axion supermultiplet A is
represented in two-component notation as
A =
1√
2
(s+ ia) +
√
2a˜ϑ+ FAϑϑ, (21)
where FA stands for an auxiliary field of A and ϑ are the Grassmann superspace coordinates. The interaction of the
axion supermultiplet is obtained by supersymmetrizing the axion interaction in Eq. (20). In particular, the interaction
of the axion supermultiplet A with the vector multiplet Va, which is a SUSY version of the c3 term in Eq. (20), is
given by
Leff = −
∑
V
αV CaV V
2
√
2pifa
∫
ATr [VaV
a] + h.c., (22)
where αV denotes a gauge coupling, CaV V is a model-dependent constant and the sum is over the SM gauge groups.
From this, the relevant axino–gaugino–gauge-boson and axino–gaugino–sfermion–sfermion interaction terms can be
derived and are given by [183] (in four component spinor notation)
Leffa˜ = i
αs
16pifa
a˜γ5[γ
µ, γν ]G˜bGbµν +
αs
4pifa
a˜g˜a
∑
q˜
gsq˜
∗T aq˜
+ i
α2CaWW
16pifa
a˜γ5[γ
µ, γν ]W˜ bW bµν +
α2
4pifa
a˜W˜ a
∑
f˜D
g2f˜
∗
DT
af˜D
+ i
αY CaY Y
16pifa
a˜γ5[γ
µ, γν ]Y˜ Yµν +
αY
4pifa
a˜Y˜
∑
f˜
gY f˜
∗QY f˜ ,
(23)
where the terms proportional to α2 correspond to the SU(2)L and the ones proportional to αY to the U(1)Y gauge
groups, respectively. CaWW and CaY Y are model-dependent couplings for the SU(2)L and the U(1)Y gauge group
axino–gaugino–gauge-boson anomaly interactions, respectively, which are defined after the standard normalization of
fa, as in Eq. (19) for the SU(3)c term. Here, α2, W˜ , Wµν and αY , Y˜ , Yµν are, respectively, the gauge coupling, the
gaugino field and the field strength of the SU(2)L and the U(1)Y gauge groups. f˜D represents the sfermions of the
SU(2)L-doublet, and f˜ denotes the sfermions carrying the U(1)Y charge.
Similarly, one can derive supersymmetrized interactions of the axion supermultiplet with a matter multiplet as a
generalization of the c1 and the c2 terms in Eq. (20). Ref. [60] considered a generic form of the effective interactions
and clarified the issue of the energy scale dependence of axino interactions. At some energy scale p, which is larger
than the mass of the PQ-charged and gauge-charged multiplet MΦ, the axino-gaugino-gauge boson interaction is
suppressed by M2Φ/p
2. This suppression is manifest in the DFSZ axion model, and even in the KSVZ model, if the
heavy quark mass is relatively low compared to the PQ scale, in which case of course the heavy quark is not integrated
out.
However, SUSY must be broken at low energy. Then, the SUSY relation between the axino and the axion is
modified. In fact, the most important axino parameter in cosmological considerations – the axino mass ma˜ – does
not even appear in Eq. (23). SUSY breaking generates the masses for the axino and the saxion and modifies their
definitions. The saxion mass is set by the SUSY soft breaking mass scale, MSUSY [526, 599]. The axino mass, on the
other hand, is strongly model dependent. An explicit axino mass model with SUSY breaking was first constructed
long ago [442] with the superpotential W with the PQ symmetry transformation S → eiαS and S → e−iα S,
W =
nI∑
i=1
Zi(SS − f2i ), nI ≥ 2. (24)
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FIG. 7: (Color online) Axion (blue) and goldstino (red) multiplets. The axion direction a is defined by the PQ symmetry,
and the goldstino (g1/2) and axino (a˜) directions are defined by the fermion mass eigenvalues. The primed fields are not mass
eigenstates.
With nI = 1, the U(1)PQ symmetry is spontaneously broken, but SUSY remains unbroken. The case nI = 2 breaks
SUSY, which however gives ma˜ = 0 [442].
As first pointed out by Tamvakis and Wyler [599], the axino mass is expected to receive at least a contribution on
the order of ma˜ ∼ O(M2SUSY/fa) at the tree level in the spontaneously broken global SUSY. In the literature, a whole
range of axino mass was considered; in fact it can be even much smaller [196, 299, 316, 456, 519], or much larger, than
the magnitude of MSUSY [198]. Because of this strong model dependence, in cosmological studies one often assumes
axino interactions as given by the U(1)PQ symmetry and treats the axino mass as a free parameter.
Recently, the issue of a proper definition of the axion and the axino was studied in the most general framework,
including the non-minimal Ka¨hler potential [461]. In that study, the axino mass is given by ma˜ = m3/2 for GA = 0,
where G = K+ln |W |2 and GA ≡ ∂G/∂A. For GA 6= 0, the axino mass depends on the details of the Ka¨hler potential,
and the case given by Eq. (24) was shown to belong to one of these examples. In the gauge mediation scenario, the
gaugino mass is the dominant axino mass parameter. In the case of gravity mediation, the axino mass is likely to be
greater than the gravitino mass m3/2, but one cannot rule out lighter axinos [461].
One important, but often overlooked, aspect of the axino is that its definition must be given at a mass eigenstate
level. The coupling to the QCD sector given in the first line of Eq. (23) can plausibly be that of the axino, but it does
not give the axino mass. This is because the axino is connected to two kinds of symmetry breaking: the PQ global
symmetry breaking and the SUSY breaking. These, in general, are not orthogonal to each other. The PQ symmetry
breaking produces an almost massless pseudo-Goldstone boson (the axion), while SUSY breaking produces a massless
goldstino. The massless goldstino is then absorbed into the gravitino to make it heavy via the super-Higgs mechanism.
This raises the question of what the axino really is. This issue is shown in Fig. 7 taken from Ref. [461]. The axino
must be orthogonal to the massless goldstino component. Therefore, for the axino to be present in a spontaneously
broken supergravity theory, one has to introduce at least two chiral fields [442]. Even though its name refers to the
axion-related QCD anomaly, one must select the component that is orthogonal to the goldstino. If there are two SM
singlet chiral fields, this is simple because there is only one component left beyond the goldstino. However, if more
than two chiral fields are involved in SUSY breaking, more care is needed to identify the orthogonal mass eigenstate.
Among the remaining mass eigenstates beyond the goldstino, a plausible choice for the axino field is the component
whose coupling to the QCD anomaly term is the biggest. For two initial chiral fields in Fig. 7, a˜′ has the anomaly
coupling of Eq. (23); hence, the a˜ coupling to the QCD sector is equal to or smaller than those given in Eq. (23). The
remaining coupling is the one to the s = ± 12 components of a massive gravitino. Therefore, for the two initial chiral
fields, axino cosmology must include the gravitino as well, if a˜′ is not identical to a˜. The “leakage” is parametrized
by the F -term of the initial axion multiplet A. With more than two initial chiral fields, the situation involves more
mass parameters. One notable corollary of Ref. [461] is that the axino CDM relic abundance for ma˜ < m3/2 is an
over-estimate if A obtains the F -term.
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IV. THERMAL PRODUCTION
As stated in Sec. I, we define thermal production (TP) of dark matter relics as the mechanism in which they are
produced from particles in thermal equilibrium in such a way that their resultant energy spectrum is the same as that
of the particles in the thermal equilibrium (up to some normalization). DM relics can subsequently freeze out from
the thermal equilibrium or they can be already decoupled, e.g. when produced from scatterings or decays of thermal
particles.
After decoupling from the thermal plasma, the number density of DM relics nX is redshifted and the comoving
abundance, or yield Y – defined as the ratio of number density to entropy density –
Y ≡ n
s
, (25)
is conserved as long as the comoving entropy is conserved. The comoving abundance Y of some species can be
converted to their present relative relic density using the expression
Ωh2 ≡ ρ
ρc/h2
' 0.27
(
Y
10−11
)( 〈E〉
100 GeV
)
, (26)
where 〈E〉 ≡ ρ/n is the average energy of the species and is approximately equal to their mass when they become
non-relativistic.
A. Hot Relics
In this case DM relic particles were in thermal equilibrium during an early epoch, and then decoupled at a temper-
ature Tdec which is larger than their mass mX ; see Fig. 8. Since they were still relativistic when they were produced,
they are called “hot relics”. The energy spectrum froze out when they decoupled so that the distribution is the same
as when they were in the thermal equilibrium; the number density is only redshifted after freeze-out. In this case,
the comoving abundance only depends on the effective degrees of freedom of entropy g∗S at the time of decoupling.
Using Eqs. (13) and (14), one obtains
YX =
nX
s
∣∣∣
Tdec
=
45ζ(3)
2pi4
geff
g∗S(Tdec)
, (27)
where ζ(3) ' 1.202 and geff = g (boson) and geff = 3g/4 (fermion), with g denoting the degrees of freedom of the field
X.
A well-known example of hot relics are light active (SM) neutrinos which decouple at Tdec ' 1 MeV when g∗S =
10.75. Their relic density at present is given by
Ωνh
2 =
∑
mν
91.5 eV
, (28)
assuming that they are now almost non-relativistic (i.e. the bulk of their energy density is tied up in their rest mass
but their velocity distribution still typically exceeds their escape velocity so that they are not gravitationally bound).
B. Cold Relics: case of WIMPs
When Tdec < mX , WIMPs decouple when their typical velocities are still semi-relativistic, v ' c/3. The relic
abundance and freeze-out temperature can be calculated from the Boltzmann equation,
dnX
dt
+ 3HnX = gX
∫
C[fX ]
d3p
(2pi)3
, (29)
where nX and gX are respectively the number density and spin degrees of freedom of X while C[f ] is the collision
operator. In a homogeneous and isotropic Universe, nX is defined from the phase space density fX by
nX = gX
∫
d3p
(2pi)3
fX(E, t). (30)
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FIG. 8: Relative yield for thermal production of HDM, WDM, CDM WIMPs and ADM, as well as E-WIMPs. In case (I)
E-WIMPs are thermally created in scatterings involving heavier particles in thermal equilibrium starting from x−1reh = mX/Treh,
while in case (II) in decays of heavier particles in thermal equilibrium. In the case of WIMPs a small difference between Tfr
and Tdec is also marked; see text.
For definiteness– in the process of self-annihilation with the type X +X → 3 + 4 where we assumes that the species
3 and 4 are in the thermal equilibrium– the Boltzmann equation can be written as
dnX
dt
= −3HnX − 〈σannv〉(n2X − n2eq). (31)
Initially, the WIMPs are in thermal equilibrium and their number density follows a Maxwell-Boltzmann distribution
Eq. (15), decreasing exponentially as the temperature decreases. WIMPs freeze out (see Fig. 8) when the scattering
term in Eq. (1) becomes comparable to the Hubble term,
〈σannv〉nX,eq ' H(Tfr). (32)
Using the Friedmann relation (8) with ρrad = pi
2g∗T 4/30, this expression may be solved to find the freeze-out
temperature of WIMPs in a radiation-dominated Universe,
TRDfr ' mX
[
ln
(
3
√
5〈σannv〉MPm3/2X
pi5/2(TRDfr )
1/2g
1/2
∗ (TRDfr )
)]−1
. (33)
When solved iteratively, Eq. (33) usually yields xfr = T
RD
fr /mX ∼ 1/25, except near resonances and thresholds; see
Fig. 8. An approximate solution of the Boltzmann equation giving the present-day CDM relic density is given in
Eq. (2).
In the case where WIMP annihilations proceed dominantly via s–wave, then 〈σannv〉 is approximately constant and
the comoving abundance may also be obtained from Eq. (32),14
YX =
(90/pi2g∗(TRDfr ))
1/2
4〈σannv〉MPTRDfr
. (34)
14 The freezeout temperature Tfr (below which the yield stays con-
stant) is almost the same as the decoupling temperature Tdec
(which is when out-of-equilibrium commences). In Fig. 8 a small
difference between Tfr and Tdec for WIMPs is shown.
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In the case when 〈σannv〉 is p–wave dominated, then it is temperature dependent. Gondolo and Gelmini [314]
showed that
〈σannv〉 = 1
4xK22 (
1
x )
∫ ∞
2
daσ(a)a2(a2 − 4)K1
(a
x
)
, (35)
where x = T/mX , a =
√
s/mX and the Ki are modified Bessel functions of order i. More involved expressions
containing the case of co-annihilations can be found in Ref. [260]. Once the temperature-dependent thermally averaged
WIMP annihilation cross section times velocity is found, then the Boltzmann equation can be integrated to find the
present-day WIMP number density
nX(T0) =
1
mX
(
T0
Tγ
)3
(Tγ)
3
√
4pi3g∗GN
45
[∫ Tf
0
〈σannvrel〉dT/m
]−1
, (36)
where Tγ = 2.725 K is today’s cosmic microwave background temperature.
In the case where freeze-out occurs during a matter– or decay–dominated epoch, then simple expressions such as
Eq. (34) are modified. For instance, when WIMPs decouple during a matter-dominated phase, then the comoving
abundance – after the matter to radiation transition due to the decay of dominating matter – is [81, 184]
YX =
3
2
(90/pi2g∗(TMDfr ))
1/2
4〈σannv〉MPTMDfr
 TD√
TeTMDfr
, (37)
where
TMDfr ' mX
[
ln
(
3
√
5〈σannv〉MPm3/2X
pi5/2T
1/2
e g
1/2
∗ (TMDfr )
)]−1
(38)
is the freeze-out temperature in the matter dominated Universe, TD is the temperature of radiation when the domi-
nating matter decays and Te is the matter-radiation equality temperature Te =
4
3mMYM , with mM and YM denoting
the unstable matter mass and yield, respectively.
C. Cold relics: case of E-WIMPs
If the relic particles’ interactions are extremely weak, then they may never be in the thermal equilibrium in the
early Universe. This is the case of particles labeled in the literature as E-WIMPs [188] (or alternatively super-
WIMPs [279] or FIMPs [330]). The E-WIMP freeze-out temperature is larger than the reheating temperature after
inflation, Tfr > Treh. Therefore, the primordial population of E-WIMPs is inflated away, and the particles regenerated
after reheating are already decoupled from thermal plasma. However, this does not mean that they are completely
decoupled from the plasma. Even though their interaction rates are tiny, E-WIMPs can still be produced at significant
rates in scatterings (case I in Fig. 8) or decays (case II) involving heavier thermal particles, so that they still may
give rise to substantial, or even dominant, contributions to E-WIMP abundance.
Due to their suppressed interactions with ordinary matter, the E-WIMP number density is small enough and one
may usually neglect the back reaction of E-WIMP annihilation. In this case the comoving abundance can easily be
obtained by integrating the production rate over the temperature from the reheating temperature to the present one,
Y (T0) =
∫ Treh
T0
Γintneq
s(T )H(T )T
dT, (39)
where Γint = n〈σv〉 in general depends on the energy of the participating particles and thus the temperature of the
background. Also, T0 here and below is any low temperature below which entropy is assumed to be conserved.
A specific example of E-WIMPs is the axino of SUSY models augmented with the PQ symmetry. Axino interactions
with SM particles and their superpartners are strongly suppressed by the axion decay constant fa.
The quantity that is very important in axino astroparticle physics and cosmology, and at the same time most poorly
known, is its mass ma˜. In the literature there exist several theoretical calculations of the axino mass [196, 198, 461]. A
method for calculating the axino mass applies to any goldstino (the superpartner of a Goldstone boson). A goldstino
related to the Goldstone boson has a root in a global U(1) symmetry and receives its mass below the SUSY breaking
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scale. SUSY breaking triggers the super-Higgs mechanism and is related to the gravitino mass mG˜; this issue was
recently clarified in Ref. [461]. Even though a typical expectation for the axino mass is to be of order mG˜, the
theoretically allowed mass range encompasses a much wider range from sub- eV to multi- TeV, allowing axino LSPs
to be hot, warm or cold DM. We will discuss these cases in more detail below.
In an early paper [456], a very light HDM-like axino from the decay of a photino was shown to constrain the photino
mass dependence on the axion decay constant fa. In [560], Rajagopal, Turner and Wilczek considered axinos with ma˜
in the keV range. Axinos in this mass range can give the right amount of DM if produced from freeze-out in thermal
equilibrium and can constitute WDM in the standard Big Bang cosmology. However, this kind of thermal axino is
cosmologically irrelevant if the reheating temperature Treh after inflation is much lower than the Peccei-Quinn (PQ)
symmetry breaking scale fa (See, however, Refs. [506, 615]). In this case, the population of primordial axinos is
strongly diluted by cosmic inflation.
Axinos can, however, be subsequently re-generated after reheating in spite of their exceedingly small interaction
strength. In axion models such as KSVZ, the relic abundance of thermal axinos changes linearly with the reheating
temperature and depends on a SUSY axion model. This special feature might allow for a glimpse of the earliest time
after inflation through the reheating temperature inferred from the relic density of axino DM.15 Alternatively, in the
DFSZ SUSY axion model, the direct coupling of axinos to Higgs and gauge bosons leads to maximal production rates
at temperatures T ∼ ma˜ so that axinos are thermally produced via the “freeze-in” process [330].
The remaining physical state of the axion supermultiplet is the R-parity even scalar saxion s. Its mass ms comes
from soft SUSY breaking and hence is expected to be of order mG˜. In the early Universe, it is expected to eventually
decay to SM particles: s→ gg in the KSVZ model and s→ gauge/Higgs bosons in DFSZ. An important cosmological
implication of saxion production and decay to SM particles is the possibility of late-time (post freeze-out) entropy
production and a dilution of frozen-out cosmic particles and the cosmic energy density. In axion cosmology, the effect
leads to an increase in the cosmological upper bound on fa [80, 424, 431, 438, 446] for a given assumption on θi.
Depending on their couplings, saxions may also decay into axion or axino pairs. In the first case, the axions can affect
the cosmic microwave background temperature anisotropy by contributing an additional relativistic component [57,
166, 173, 318, 319, 338], often parameterized by the allowed number of additional species of neutrinos ∆Neff . There
is some weak evidence for a non-zero value of ∆Neff beyond the SM value, but a conservative limit gives ∆Neff .
1.6 [12, 57]. In the case where saxions decay to axinos or other SUSY particles, their late decays may augment
the abundance of the LSP dark matter, be it axinos themselves, or via cascade decays to neutralinos, gravitinos or
something else.
1. Γint ∼ T3
For the case of a constant E-WIMPs scattering cross section 〈σv〉 = σ0 – which happens when the interaction is
induced by non-renormalizable terms as in the case of axions, KSVZ axinos or gravitinos – particles are predominantly
produced at the highest temperature (case I in Fig. 8). Then, the comoving abundance is proportional to the highest
temperature in the integration range [176]:
Y (T0) =
∫ Treh
T0
〈σv〉n2eq
s(T )H(T )T
dT ∼ 135
√
10MP
2pi7g
3/2
∗
σ0Treh. (40)
2. Γint ∼ Tn with n > 3
If Γint ∼ Tn with n > 3, then the abundance will depend on higher powers of the reheating temperature as Trehn−2.
Dark matter produced this way will have thermal spectrum but will not be in thermal equilibrium, just like in the
15 It is also worth mentioning that, due to the strongly suppressed
interaction strength, it is not necessary to assume R-parity con-
servation for very light axinos to constitute DM. In connection
with the recent 3.5 keV X-ray line from the Andromeda galaxy
and Persus galaxy cluster [131, 136, 152], a possible solution in
terms of warm decaying axino DM has been pointed out in the
presence of R-parity violation [190, 472]. See also [56]. How-
ever there is a different claim with no statistically significant line
emission near 3.5 keV [401].
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case of n = 3. A specific example of n = 5 in a model with heavy Z ′ gauge boson was given in Ref. [502].
3. Γint ∼ Tn,n < 3 and FIMPs
In this case (case II in Fig. 8), the production of relics takes place predominantly at low temperatures T ∼ m, just
before the Boltzmann suppression kicks in. When the scatterings proceed through renormalizable interactions, the
corresponding cross section depends on the temperature as σ = κ/T 2, where κ is some constant. In this case, the
thermal production of decoupled particles is independent of the reheating temperature and is given by
Y (T0) '
135
√
10ζ(3)2
√
gMP
2pi7
κ
T1
, (41)
where T1 is the temperature of the order of the mass of the particles participating in the scatterings. These sort of
DM particles have been dubbed FIMPs by Hall et al. [330] for feebly interacting massive particles, but perhaps a
more appropriate name would be “frozen-in massive particles”.
4. E-WIMPs from decays
A further case occurs when E-WIMPs are produced from decays of thermal particles with mass M and a decay
rate Γ (case II in Fig. 8). In this situation, the comoving abundance is given by [176]
Y (T0) ' 405
√
10ζ(5)MP
8pi4g
3/2
∗
Γ
M2
. (42)
These processes have been used for the production of axinos, right-handed scalar neutrinos, etc.
D. Asymmetric dark matter (ADM)
The idea behind asymmetric dark matter (ADM) [130, 544, 629] is based on an asymmetry between DM particles
and their antiparticles (“anti-DM”). In the early Universe, only the number density difference between the two
(asymmetric component) remains after the annihilation of the symmetric components of DM and anti-DM. In this
case, the relic density of ADM is set by the asymmetry in their initial populations, and not by the thermal freeze-out.
This is similar to the mechanism of generating the baryon number density which relies on an initial baryon asymmetry.
Some examples of ADM include technibaryons [94, 531], mirror dark matter [35, 117, 118, 285, 354], scalar neutri-
nos [365], pure higgsinos [119] and others.
The origins of the asymmetry of ADM and of the baryon asymmetry can be related [416]. In this case, the mass of
ADM is calculable in a specific model as
mADM =
ηB
ηADM
ΩADM
ΩB
mp = O(1− 10)mp, (43)
where the baryon and ADM asymmetries are parametrized by
ηi ≡ ni − ni¯
s
, for i = B or ADM (44)
with entropy density s. If the asymmetry of both ADM and baryons is the same, ηADM = ηB ' 10−10, the energy
density of DM and baryons are related by ΩDM/ΩB ' 5 [12], which implies the existence of a light DM with
mass around 5 GeV. In this regard, it is interesting to note that the light DM has been supported by several
claims of signals in direct detection experiments: DAMA/LIBRA [108], CoGeNT [2, 4], CRESST [37] and CDMS-II
(Si) [20], which however have been contradicted [226–229] by other experiments: CDMS-II [22, 23], XENON10 [36],
XENON100 [39, 40], and the recent null result from CDMSLite [19] and LUX [24].
To generate the asymmetry from an initially symmetric Universe in the sector of either DM or baryons, the
mechanism should satisfy the well known Sakharov conditions [572]. First, the asymmetry can be created in one
of the sectors at high temperatures and then subsequently transferred to the other sector, or both asymmetries can
be created together at the same moment. At low temperatures, the interactions for generating and transferring
asymmetries are frozen.
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FIG. 9: Schemes for ADM production summarized in [130].
In Fig. 9, various mechanisms for DM production in the ADM models (Table 1 of Ref. [130]) are illustrated.
One obvious mechanism is to relate the visible (V) sector baryon asymmetry to the dark (D) sector asymmetry via
a heavy particle decay both to V and D sectors. These are denoted as 1 and 2 categories, where 2 stops over at
the intermediate sector I. A well-known mechanism is the Kitano-Low mechanism [464]. Categories 3, 4 and 5 use
the mechanisms without the decaying mother particle. Category 3 uses one conserved quantum number which is
carried by D and V sectors. So, ‘transfer’ means some DM quantum numbers are transferred to some visible sector
quantum numbers, as we know the lepton number is transferable to the baryon number during the electroweak phase
transition era with B−L conservation. Category 4 uses DM+DM annihilation processes or DM decay to produce the
SM particles. Category 5 is the case where some D sector particles carry SU(2) electroweak charge. Then the SU(2)
phase transition relates the two asymmetries. Namely, sphalerons were used to transfer the asymmetries between
the two sectors [94, 326, 415]. These sphalerons violate the baryon and DM symmetry while preserving some linear
combination of them, like the well known electroweak sphalerons which violate B and L number while preserving
B−L. At some level, 3 also has the feature described in 5. In this case, the sphalerons transform the DM asymmetry
to baryon asymmetry, or in the opposite way to share the asymmetry between two sectors. After sphalerons decouple,
both asymmetries are frozen in each sector.
The other way is that the transfer proceeds through higher-dimensional operators which are gauge singlets of
the B − L operator [417]. When the operator decouples as the Universe expands, the asymmetries freeze in. This
mechanism can be extended to non-standard cosmologies [302, 385].
In ADM models, the symmetric component must annihilate efficiently. Those interaction may enhance the scattering
cross section with nuclei in direct detection experiments. The large interactions could potentially explain the claimed
light DM signals with a spin-independent scattering cross section of order ∼ 10−40 cm2. Some studies attempted
to reconcile these signals with other null experiments in the ADM scenario [167, 230, 274, 364, 532], while ADM
limits have been derived from direct detection in [217, 505]. The new physics element in the ADM models – light
scalar particles which mediate the self-annihilation or the non-renormalizable interactions – can also affect collider
phenomenology [110, 116, 417, 440].
ADM when accumulated in a star can scatter off nuclei and transport energy and modify the density and temper-
ature of the star. Such processes can be used to constrain ADM models [386, 501]. The accumulation of ADM in
astrophysical objects, such as neutron stars, the Sun, and brown and white dwarves can give strong constraints on
the ADM scattering cross section with baryons [102, 393, 474, 629], especially for the case of scalar DM.
If the ADM is self-interacting [267, 540] or decaying, then various astrophysical signatures may arise. For example,
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decaying ADM might explain the cosmic positron excess [276] or produce signatures in the gamma-ray sky [509].
V. NON-THERMAL PRODUCTION OF DARK MATTER
When the energy spectrum of the produced DM is different from a thermal distribution, then we call the process a
non-thermal production (NTP) mechanism. The BCM of oscillating (pseudo)scalar fields discussed in Subsections III C
and III F is an example of non-thermal dark matter production. Another important type of NTP mechanism is
production of DM via decays of heavy particles which are already out-of-equilibrium. More non-thermally produced
DM candidates such as primordial black holes (PBH) and super-heavy particles such as Wimpzillas may be produced
by gravitational effects; these are discussed in Sec. VII.
A. Dark matter from bosonic coherent motion
1. Scalar fields in the early Universe
The equation of motion for a scalar field in the expanding Universe can be written as
φ¨+ 3H(T )φ˙+
∂V (φ)
∂φ
= 0. (45)
For small values of φ, the potential energy term is approximated by
V (θ) ' 1
2
m2(T )φ2 (46)
where we have introduced in Eq. (46) a possible temperature-dependence of the boson mass m(T ) which is ∼ 0 at
a sufficiently high temperature. In the limit where the potential term is negligible, the solution is φ ∼ constant.
But once the potential term becomes comparable to the Hubble term, Eq. (45) becomes the equation of a damped
harmonic oscillator, with the Hubble term providing the friction. In this case, the solutions become oscillatory.
By introducing the scalar field energy density ρ = φ˙2/2 + V (φ) and by averaging terms over one oscillation cycle,
〈φ˙2〉 = m2〈φ2〉 = 2〈V 〉 = 〈ρ〉, the equation of motion can be recast in terms of time-averaged quantities as
ρ˙+ 3
ρ
R
R˙− ρ
m
m˙ = 0 or
d
dt
(
ρR3
m
)
= 0. (47)
One immediate consequence of this result is that the oscillating field ρ ∼ R3 so that it behaves like non-relativistic
matter. Another is that the oscillatory phase begins at a temperature Tosc defined by 3H(Tosc) ' m(Tosc). The
solution for the scalar field energy density is
ρ(T ) = ρ(Tosc)
(
Rosc
R
)3
m(T )
m(Tosc)
. (48)
The solution φ(t) of Eq. (45) we refer to is a bosonic coherent motion. It is ubiquitous in early Universe cosmology
[460] and can be applied not only to the motion of the axion field, but also to the case of inflatons, moduli, saxions,
Affleck-Dine fields, etc.
2. Axion production via BCM
For the case of the axion field, we take a = θfa where θ is the axion misalignment angle. Also, for the axion field,
ma is temperature dependent and is negligible for T > TQCD ∼ 1 GeV; later, it “turns on” at lower temperatures
after the QCD phase transition when the chiral anomaly becomes relevant [62]. Axion field oscillations begin at a
temperature Tosc ∼ 0.9 GeV when the axion mass and Hubble constant are comparable: 3H(Tosc) ' m(Tosc). Also,
at Tosc one finds ρosc = a˙
2/2 + V ' m2(Tosc)a2i /2 where ai is the initial axion field strength ai = θifa.
27
FIG. 10: The axion decay constant versus HI for the QCD axion corresponding to the pink part of Fig. 14. Here, we used the
updated result of [62] – Fig. 11 – to denote the lines of θi. The shaded parts are not allowed [614].
A slightly more refined calculation which allows for anharmonic corrections (not just small oscillations) and which
is valid for fa .MGUT gives the present day axion energy density as [62]
ρa(Tγ) ' 1
2
ma(Tγ)ma(Tosc)
(
R(Tosc)
R(Tγ)
)3
θ2i fanh(θi). (49)
Here, fanh is the anharmonic correction term parametrized by fanh(θi) ≈
[
ln( e
1−θ2i /pi2 )
]7/6
and the initial misalignment
angle θi takes on a range from −pi → pi and Tγ is the present temperature of radiation.
In [62], Ωa has been calculated for fa .MGUT:
Ωa '

0.503
(
θ2iF (θi)
γ
) (
0.678
h
)2 ( fa
1012 GeV
)1.182
, for ΛQCD = 320 MeV,
0.444
(
θ2iF (θi)
γ
) (
0.678
h
)2 ( fa
1012 GeV
)1.184
, for ΛQCD = 380 MeV,
0.399
(
θ2iF (θi)
γ
) (
0.678
h
)2 ( fa
1012 GeV
)1.185
, for ΛQCD = 440 MeV ,
(50)
where γ is the entropy increase ratio from ti to present.
Visinelli and Gondolo introduced also the cosmic inflation constraint on the allowed parameter space of the axion-
only CDM as shown in Fig. 10 for the case where the BCM is assumed to account for all CDM [614]. The misalignment
angle of Fig. 10 can be read from the closure boundary of Fig. 11. A common assumption is that θi takes a specific
value, such as pi/
√
3 (from averaging over many distinct subdomains in the case where the axion field forms after
inflation [603]); this leads to an upper bound on the PQ scale of fa . 1011 GeV to avoid overproduction of axions.
However, in the case where the axion field forms before the end of inflation, the entire Universe would have a single
value of |θi| ∼ 0→ pi in which case any value of fa is permitted ranging from the astrophysical bound fa & 109 GeV
all the way up to MP or beyond. The region with fa > 10
12 GeV is called the “anthropic region” since in this case
unusually tiny values of θi would be required [346, 546, 600]. The horizontal bars of θi values in Fig. 10 are determined
by requiring that Ωa of Eq. (50) [62] saturates the measured DM abundance.
3. Impact of recent BICEP2 measurement of tensor-to-scalar ratio
The BICEP2 collaboration has recently claimed a measurement of tensor B-modes in the CMBR. Their measure-
ment corresponds to a tensor to scalar ratio r = 0.2+0.07−0.05 [13] at the end of inflation. This corresponds to the value of
the Hubble constant at the end of inflation as HI = 1.1×1014 GeV [506]. Even more recently, the Planck collaboration
presented the dust polarisation in the BICEP2 experiment field [11]. The extrapolation from Planck 353 GHz data
to 150 GHz gives a dust power with the same magnitude as reported by BICEP2. It is expected that the BICEP2
result will be corrected during an ongoing joint analysis between Planck and BICEP2.
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FIG. 11: θi vs. fa plot modified from the figure of [62] with new data from PLANCK [12] and updated quark masses [533].
FIG. 12: Two scalars contributing to the CC.
Taking the BICEP2 result at face value, then reading off from Fig. 10, this would appear to exclude the case where
the axion field forms before the end of inflation (where θi is a free parameter), and instead one must average over
many disparate domains of θi such that the average 〈θi〉 = pi/
√
3. Then the axion-only CDM possibility excludes
the small axion mass range ma < 10 nano-eV. More importantly, for the QCD axion only a narrow range of cosmic
axion is allowed, ma & 14µ eV [506, 615], where we included a factor of five uncertainty from the numerical analysis
of Ref. [349]. In these studies, axion creation via the axionic string-wall annihilation was also taken into account,
following the numerical analysis of Ref. [349]. At present, the amount of axionic DM creation via numerical studies
is not a settled issue yet, see, e.g., Refs. [99, 165, 328, 329]. One of the main reasons for the uncertainty in estimating
this amount is the difficulty of simulating the Vilenkin-Everett annihilation mechanism of the horizon scale string-wall
system [95, 611]. Or there may be no domain wall problem for the QCD axion via BSM physics [96]. However, their
conclusion that “the anthropic region is closed” may be valid in so far as the reheating temperature after inflation
goes up to the region Treh > 10
12 GeV, which depends on the existence of any massless boson (because the invisible
axion is massless at this high temperature) at the scale where BICEP2 data was relevant.16
However, the assumption that axions are the only CDM component is unlikely to be realized at the GUT scale.
There are numerous SM singlet fields and the isocurvature perturbation may involve several scalar components: e.g.
Fig. 12 is shown for the case of two scalars where the dominant component is provided by Φ and a negligible component
is provided by χ. If 〈χ〉 breaks the PQ symmetry and fa . 1011 GeV, the contribution to the CC from the χ field is
16 Even if the BICEP2 value of r is settled to 1
3
of the original value,
HI reduces by a factor of (
1
3
)1/2, and hence most probably the
domain wall problem we commented here may be still valid.
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negligible and practically there is no isocurvature constraint if 109 GeV < fa < 10
11 GeV.
4. Detection of axions and ALPs
There have been several experimental approaches suggested to detect axion CDM assuming they provide 100 % of
the CDM density of the Universe [453].
The standard mode for axion (and also ALP) detection makes use of the low energy effective Primakoff interaction
parametrized by caγγ/fa:
Laγγ = −caγγ αem a
8pifa
µνρσ
2
FµνemF
ρσ
em ≡ −caγγ
αem a
8pifa
FemF˜em ∝ E ·B. (51)
For axions, the low energy value caγγ includes the QCD chiral symmetry breaking effect, −1.98, which is the value
for mu/md ' 0.48 [504],
caγγ = caγγ − 1.98, (52)
where caγγ is determined above the electroweak scale. The values of caγγs are presented in Ref. [447, 453] for several
different KSVZ and DFSZ models. There exists one string calculation of caγγ in Ref. [452]: caγγ = 1123/388 →
caγγ ' 0.91.
With the BICEP2 reported value of a GUT scale energy density, it may be worthwhile to consider some models
with ultraviolet completion to gain perspective on possible values of the caγγ . There are two such estimations, one
with an approximate PQ symmetry [180] and the other with an exact PQ symmetry resulting from the anomalous
U(1) gauge symmetry in string models [452]. Since ma = (0.59×107/fa,GeV) [eV], the functional relationship between
the interaction strength versus ma is
y =
∣∣∣∣αemcaγγ8pi · 1fa GeV
∣∣∣∣ = ∣∣4.92× 10−11caγγ∣∣ma,eV, coeff. of FemF˜em
→ ∣∣1.57× 10−10caγγ∣∣ma,eV, in case of E ·B (53)
where fa and ma are given in units of GeV and eV, respectively. In the log-log plot, this is just a line.
The axion haloscope makes use of the Primakoff effect to convert cosmic axions into photons which build up as
transverse magnetic (TM) modes within a supercooled cavity placed within a magnetic field [587]. The TM mode
builds following the oscillation of the axion vacuum, which is depicted in Fig. 13. This introduces the key difference in
the detection methods between the QCD axion and ALPs. It takes a certain time to build up the maximum TM mode
amplitude. After this maximum TM mode is established, the coherent motion of the axion field and electromagnetic
fields are described by the axion-electrodynamics. Recently, a complete solution of this axio-electrodynamics has been
given in Ref. [361].
The collected TM modes in the cavity can loose energy by the conversion (TM mode)→(axions) in the cavity,
and by the Joule heating through the cavity wall. These define Q-factors denoted by Qa and Qc, respectively. Qc
is the quality factor for the cavity and for the l-th resonance it is equal to Ql =
√
maRσR/2. QJ at resonance
could be similar and Ql. Since we must consider the maximum loss of energy to define the quality of the cavity, the
built-up TM mode cannot exceed the minimum of QJ and Qa. In these types of cosmic axion search experiments, the
feasibility depends crucially on the quality of the cavity wall, which has been discussed in Refs. [361, 477, 587, 588].
The so-called ‘invisible’ axion might then be detected in these Sikivie-type cavity detectors immersed in a strong
magnetic field [587]. Experimental bounds on axions and also on axion-like particles (ALPs) are shown in Fig. 14 in
the coupling vs. mass plane.
The ALPs are hypothetical particles defined to have (aALP/fALP)F
emF˜ em couplings which need not relate f and
m (they are related in the axion case, Eq. (53)). In connection with the recent 3.5 keV line from galaxy clusters, an
ALP possibility with mALP ∼ 7 keV and fALP ∼ 4× 1014 GeV has been proposed in Ref. [347, 491] (which is barely
consistent with Fig. 14) but an ALP with gaγγ ∼ (3− 10)× 10−18 GeV−1 is consistent [391].
At present, the cavity experiments are closing in on the theory-preferred region [272]. Here, we see that the ADMX
experiment is just beginning to probe a small portion of the theoretically-favored region of the QCD axion. The
allowed parameter space of Fig. 10 also shows the region currently explored by the ADMX experiment [257].
In addition, it is important to confirm the oscillating nature of the axion field as a BCM, which was envisioned
some years ago for the case of the oscillating electric dipole moments of electron and nucleon [359, 360]. Recently,
the nuclear magnetic resonance (NMR) technique is used to detect the oscillating nucleon EDM from the GUT scale
fa [151, 320]. Also, LC circuits have been suggested to detect the feeble oscillating magnetic field using a SQUID
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FIG. 13: The scheme depicting E field oscillation, following the axion vacuum.
detector [589]. Even in atomic physics, bounds on oscillating EDMs of the electron and proton were given [561],
|de0| < 0.7× 10−14 GeV from Dy and |dp0| < 3.1× 10−8 GeV from Cs, where |d0| is a function of c1’s of Eq. (20), the
misalignment angle θ1 and the energy difference of two levels in the second order perturbation. At the moment, the
limit is not stringent enough to exceed the present limit on fa.
B. DM production via decay of heavy unstable particles
Heavy unstable particles produced in the early Universe can decay and produce dark matter, as shown in Fig. 15, in
the form of a non-thermal population XNTH if they decay out-of-equilibrium, or a thermal one XTH if they decay while
remaining in thermal equilibrium. The heavy particles themselves can be produced either thermally, like WIMPs,
or non-thermally – like the inflaton, moduli or curvaton, etc. Non-thermal production from particle decay has been
considered in many models of dark matter including: axinos from NLSP binos [213] or staus; neutralinos from
axinos [81, 184], saxions [82], gravitinos [76] and inflatons [111]; gravitinos from bino, stau, sneutrino decays [127, 278]
or Q-ball decays [584]; and KK-gravitons from the decay of KK U(1) hypercharge gauge bosons [278] or in the string
compactification [30].
In the standard inflationary scenario, the decay of the inflaton fills the Universe with relativistic particles, commonly
denoted as “radiation”. With the subsequent evolution of the Universe, some of these particles (some after becoming
non-relativistic) decouple from the thermal plasma and the ratio of the number density of the decoupled particles to
the entropy density is preserved. If the frozen-out particle is unstable, it finally decays to lighter particles which may
include the DM.
In this way of producing non-thermal particles, the abundance of DM is directly related to the abundance of the
decaying mother particle Φ via
Y NTPDM
∣∣
T=TD
=
αX
rS
BR(Φ→ DM) YΦ|T=TD , (54)
where αX is the number of DM produced per one Φ, rS ≡ Sf/S0 is the ratio of the entropy before and after the Φ
decay and BR(Φ → DM) is the branching ratio of the DM production from the decay of Φ. Here, TD denotes the
temperature of radiation at the time of Φ decay. Assuming an instant decay, it is given by
TD =
(
pi2g∗
90
)−1/4√
ΓΦMP , (55)
where ΓΦ is the total decay rate of Φ and g∗ is the relativistic degrees of freedom. Here, the number density of
the decaying particles, nΦ, is determined from the earlier dynamics of the heavy particle Φ after inflation. The
DM particles produced from the decay can have a different evolution depending on their properties at the time of
production-via-decay, and we can classify them in the following three cases:
(1) TD > Tfr (Decay before freeze-out):
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FIG. 14: Experimental constraints on axions and ALPs [272].
DM particles are produced before the freeze-out temperature of DM, Tfr. They are thermalized with the plasma
and the decay has no effect on the DM abundance. Therefore,
YDM = Y
TP. (56)
(2) TD < Tfr, 〈σannv〉nDM > HD (Reannihilation of DM):
The heavy particle decays after DM particles are frozen out. However, the DM produced from the decay are
abundant enough to make them reannihilate. In other words, for
YDM|T=TD >
(
90
pi2g∗
)1/2
1
4〈σannv〉
1
MPTD
, (57)
some just produced DM would annihilate. Here, YDM = nDM/s with entropy density s given by Eq. 14 and 〈σannv〉
denoting the thermally-averaged annihilation cross section times velocity, as usual. In this case, the final abundance
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FIG. 15: Thermal and non-thermal dark matter. (a) A cartoon is shown for defining thermal and non-thermal DM, and (b)
non-thermal DM population XNTH is distinguishable from thermal population if it is produced more abundantly than thermally
produced DM.
is obtained by solving the Boltzmann equation in a form re-cast in terms of the yield Y ,
dYDM
dt
= −〈σannv〉Y 2DMs. (58)
Integrating from time t = tD to t gives
Y −1DM(T ) = Y
−1
DM(TD)− 〈σannv〉
(
s
H
− s(TD)
H(TD)
)
' Y −1DM(TD) +
〈σannv〉s(TD)
H(TD)
, (59)
where YDM(TD) is the sum of the DM densities from thermal production and non-thermal production. The non-
thermal production is given by Eq. (54) and thermal production depends on the specific production mechanism.
When the second term of the right-hand-side of Eq. (59) dominates, then the relic density of reannihilated DM is
approximated by [300]
ΩreannDM h
2 ' 0.14
(
90
pi2g∗(TD)
)1/2( mDM
100 GeV
)(10−8 GeV−2
〈σannv〉
)(
2 GeV
TD
)
. (60)
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(3) TD < Tfr, 〈σannv〉nDM < HD (No reannihilation):
In this case, the abundance of DM is just the simple sum of the thermal production and the non-thermal production,
YDM = Y
TP + Y NTP. (61)
C. Cosmological constraints
Here we summarize the constraints from cosmology on the dark matter produced via decay of heavy particles.
1. Big Bang Nucleosynthesis
One of the great successes of the Big Bang cosmology is that the calculated abundances of light element production
in the early Universe agrees well with the bulk of measured values. However, the presence of late-decaying unstable
particles in the early Universe can severely upset the current theory/experiment match in BBN. The late-time decay
of heavy particles in the early Universe gives rise to highly energetic particle showers which can disrupt the abundance
of the light elements such as D, 4He, 7Li, and 6Li. The constraint on the electromagnetic showers [219, 430] has been
extended to include hadronic showers [396, 397, 427]. Since the produced particles redistribute their energy quickly,
the constraint is only given to the total energy released. The energy released into electromagnetic showers is simplified
as
ξem '
∑
i
emi B
em
i YX , (62)
where the sum is over all the decay modes and em and Bem is the electromagnetic energy released from X and the
branching ratio for each mode. Similarly for the hadronic energy
ξhad '
∑
i
hadi B
had
i YX , (63)
is constrained. For example for the decay via X → DM + (Z, h,H,A),
∑
i
emi B
em
i '
∑
k kΓ(X → DM + k)Bkhad
ΓX
, (64)
where
k ' m
2
X −m2DM +m2k
2mX
, for k = Z, h,H,A. (65)
The constraints from BBN on late-decaying massive particles (as calculated by Jedamzik [396]) are shown in Fig. 16
in the ΩXh
2 vs. τ plane for a particle with mass mX = 1 TeV. Here, ΩXh
2 is the would-be relic abundance of particle
X had it not suffered a late decay. The various red contours correspond to different values of the X particle’s hadronic
branching fraction: log10(Bh). The region to the lower-left is allowed since in these cases the abundance of the X
particles is reduced or τX is sufficiently short-lived so that it decays before BBN is fully underway. The blue curves
are the same as red but allow for a more liberal constraint on the 6Li/7Li abundance. For a charged NLSP, the
constraints are even stronger [548].
2. CMB distortion
The late-time injection of electromagnetic energy from decaying particles may distort the Planck distribution of the
CMB spectrum. After the cosmic age τX > 10
6 sec, the photon number changing processes such as double Compton
scattering and thermal bremsstrahlung become inefficient so that energy is exchanged only through elastic scattering.
As a result, the CMB spectrum is distorted from a Planckian distribution with non-vanishing chemical potential µ:
fγ(E) =
1
eE/kT+µ − 1 . (66)
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FIG. 16: Constraints on late decaying relics X with mass mX = 1 TeV due to their disruption of light element abundances
as calculated in standard Big Bang Nucleosynthesis [397]. Results are plotted in the ΩXh
2 vs. lifetime τX plane, with the
region to lower-left being allowed. The various solid red contours for 6Li/7Li . 0.66, with the numbers (X particle’s hadronic
branching ratio log10(Bh)) shown just below, correspond to different values of the logarithmic BR. The blue curves are the
same as red but allow for a more liberal constraint on the 6Li/7Li abundance, . 0.1.
The current bound is [284, 435]
|µ| < 9× 10−5. (67)
This can be translated to the constraint on the released energy by [373]
ξem < 1.59× 10−8e(τdC/τX)5/4
(
1 sec
τX
)1/2
. (68)
At late times τX & 4× 1011Ωbh2 ' 8.8× 109 sec, even elastic Compton scatterings are not sufficient enough and only
the injected energy is constrained via the y parameter given by
y =
δ
4
= 7.04× c
2
kT (teff)ξem
, (69)
where T (teff) is the CMB temperature at time teff = [Γ(1− β)]1/βτX , with T ∝ t−β . The bound on y is
|y| < 1.2× 10−5, (70)
from which the following constraint is obtained,
ξem < 7.84× 10−9
( piτX
1 sec
)−1/2
' 4.42× 10−9 1√
τX
. (71)
3. Large Scale Structure formation
The large kinetic energy of the non-thermally produced DM components can have large free streaming length, below
which the growth of the perturbation is suppressed compared to the pure CDM case. The particles are classified as
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warm or even hot depending on the free streaming length λFS. For two body-decay X
′ → X + (massless particle), it
is given by [162]
λFS '1.0 Mpc
( τ
106 sec
)1/2(mX′
2mX
− mX
2mX′
)
·
{
1 + 0.14 log
[(
106 sec
τ
)1/2(
2mX′mX
m2X′ −m2X
)]}
.
(72)
This warm DM property of the decay products can help to solve the small-scale structure problems such as cuspy
halos, dense cores, and large numbers of subhalos [350, 495].17 The late-time decay of heavy particles are naturally
obtained in the super WIMP dark matter scenarios involving gravitinos or KK gravitons [162, 418] or right-handed
sneutrinos or KK right-handed neutrinos [128] or vice versa [382].
The large velocity of warm- or mixed-dark matter is however constrained by cosmology such as the limits from the
reionization of the Universe [93, 400] and the Lyman-α forest [524]. The strongest come from the WDM constraint
using the Lyman-α data where the recently improved constraint gives a lower bound to the mass of WDM of around
2 keV [134, 574, 609, 610], which corresponds to a characteristic comoving scale of
kFS ∼ 15.6hMpc−1
(mWDM
1 keV
)4/3( 0.12
ΩDMh2
)1/3
. (73)
The updated constraints on WDM from Lyman-α forest measured from high-resolution spectra of 25 quasars (z > 4)
puts the lower bound at 4 keV [607, 608]. In the mixed cold/warm DM scenario, the WDM fraction is constrained to
be ΩWDM/ΩDM < 0.35 in the larger velocity region [133].
4. Dark Radiation
The large kinetic energy of DM produced by late-time heavy particle decays can contribute additional relativistic
degrees of freedom to the particle content of the Universe. Such contributions to the energy density are called dark
radiation, and are usually parametrized as the additional neutrino species ∆Neff beyond the SM value which is
calculated to be NSMeff = 3.046 [503]. Indeed, up until recently, cosmological data seemed to favor the existence of
dark radiation beyond that which is predicted by the Standard Model. Previous data from WMAP7, the South Pole
Telescope (SPT) and the Atacama Cosmology Telescope (ACT) suggested Neff ' 3.5−4.5 [258, 425, 473], indicating
a source of dark radiation beyond the SM. A variety of papers have recently explored this possibility [91, 202, 318, 341,
367, 383]. More recently, the ACT [585] has released additional data which, when combined with the measurement
of baryon acoustic oscillations (BAO) and the Hubble constant, reduced the Neff value to:
Neff = 3.50± 0.42 (WMAP7+ACT+BAO+H0). (74)
On the other hand, recent SPT [370] and WMAP9 [348] analyses reported rather higher values,
Neff = 3.71± 0.35 (WMAP7+SPT+BAO+H0), (75)
Neff = 3.84± 0.40 (WMAP9+eCMB+BAO+H0). (76)
From the above numbers, it is clear there exists tension between the latest ACT and SPT/WMAP9 values for Neff .
While the ACT result has only 1.1σ-level deviation from the standard value, Neff = 3.046, the SPT and WMAP9
17 However, the effect of gas and stars may significantly affect the
DM distribution [547]. The gas outflows from a galaxy powered
by energy released from stars and black hole accretion change
the distribution of the gas and stars. The change of the gravita-
tional potential lead to the change of the DM distribution. This
process makes the prediction of the standard ΛCDM consistent
with observation.
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results show almost a 2σ-level deviation.18 In addition, the Planck [12] collaboration has also reported their first
results. While from CMB+BAO data the collaboration obtains Neff = 3.30± 0.27, once H0 data is included, slightly
larger values are preferred:
Neff = 3.52
+0.48
−0.45 (95%; Planck+WP+highL+H0+BAO).
19 (77)
Thus the Planck result shows at most a 2σ deviation from the standard value. Due to the tension between the different
analyses and the fact that all current results are compatible with the SM model value within 2σ, it is hard to consider
these results as a strong evidence for dark radiation. Even so, a conservative constraint of
∆Neff ≡ Neff −NSMeff < 1.6 . (78)
may at least be invoked which is sufficient to highly constrain many cosmological models which give rise to dark
radiation [367, 432, 625]. In many cases, new light particle(s) may accompany the non-thermal production of DM so
that NT production of DM and dark radiation are generated at the same time. The first discussion of axion dark
radiation produced by saxion decay was presented in Ref. [175]; some recent analyses can be found in [57, 173, 233,
318, 319, 341].
VI. NON-THERMAL SUSY DARK MATTER
A. Gravitino dark matter
The gravitino, G˜, is the massive spin-3/2 particle predicted in theories of local supersymmetry, or supergravity. Its
mass mG˜ depends on the SUSY breaking mechanism. In gravity-mediation models, mG˜ is expected at the TeV scale
and in AMSB scenarios at the 100 TeV scale, while in GMSB models it can be much lighter, ranging from the keV
to the GeV scale. If the gravitino is the LSP in R-parity conserving models, then it is stable and is a good candidate
for dark matter. Without inflation, a cosmological constraint on stable gravitinos requires that its mass must be less
than 1 keV [120] to avoid an over–abundance.
Any population of primordial gravitinos is expected to be diluted by inflation [264]. However, gravitinos may be
regenerated via a variety of thermal and non-thermal processes, as discussed above. The thermal production depends
linearly on the reheating temperature [263, 265, 357, 404, 429, 436, 523] and thus gives upper bound on the reheating
temperature to avoid overproduction of gravitino DM. A recent calculation estimated the thermally-produced gravitino
abundance as [126, 549, 570]:
Y TP
G˜
=
3∑
i=1
yig
2
i (Treh)
(
1 +
M2i (Treh)
3m2
G˜
)
ln
(
ki
gi(Treh)
)(
Treh
1010 GeV
)
, (79)
where yi = (0.653, 1.604, 4.276) × 10−12, ki = (1.266, 1.312, 1.271), gi are the gauge couplings evaluated at Q = Treh
and Mi are the gaugino masses also evaluated at Q = Treh.
The thermal population of gravitinos may be augmented by heavier sparticle production followed by their decays
in the early Universe. In this case, the decay-produced abundance depends on the number density and lifetime of the
18 It is worth pointing out that in the WMAP9 analysis ‘eCMB’
denotes the extended CMB, which uses the old data sets of SPT
(2011) and ACT (2011). Also, each Neff value is obtained from
different data sets for BAO andH0. Hence it is hard to determine
the most updated result. Meanwhile, in Ref. [571], an indepen-
dent analysis was made, which consistently combines the most
recent data sets from ACT and SPT with WMAP9 data. The
results obtained in this case for ACT+WMAP9+BAO+H0 and
SPT+WMAP9+BAO+H0 are consistent with the latest values
reported by ACT [585] and SPT [370].
19 Here ‘WP’ denotes a WMAP polarization low multipole likeli-
hood at l ≤ 23 and ‘highL’ denotes high-resolution CMB exper-
iments which include ACT and SPT. The detailed explanations
for the dataset are provided in Ref. [12] and references therein.
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NLSP. Since gravitinos interact hardly at all, their production from decays would not undergo re-annihilation. Then
the thermal plus decay-produced gravitino relic abundance is expected to be
ΩG˜h
2 = ΩTP
G˜
h2 +
mG˜
mNLSP
ΩNLSPh
2 (80)
where ΩNLSPh
2 is the would-be NLSP relic abundance had it not decayed. Thus the gravitinos produced in NLSP
decays inherit the NLSP number density. Both thermal and non-thermal gravitino production in the CMSSM was
considered in [85, 163, 345, 563] and the maximum allowed reheating temperature and the viable regions of parameters
of the model were found.
There are other non-thermal gravitino production mechanisms. Gravitinos can be produced during preheating after
inflation due to the oscillating inflaton field [310, 407]: however, explicit calculation shows that production is not very
efficient [527]. Gravitinos can be produced via late decay of inflaton [269, 270], moduli [468, 521], Q-balls [252, 422, 578]
or by a heavy scalar field in gauge-mediated scenarios [46, 222, 283, 335].
Gravitinos which are produced non-thermally from NLSP decays are accompanied by very energetic electromagnetic
and/or hadronic particles. The extremely weak interaction of gravitinos with ordinary particles usually causes the
decay of the NLSP to occur with lifetime longer than seconds-minutes, i.e. during or after the BBN epoch. For models
where gravitinos are produced at large rates from NLSP decays, there exist strong constraints on late-decaying
NLSPs which might disrupt the successful predictions of standard BBN. The released energy can affect the light
element abundances during and after BBN [396, 397, 427] and destroy the standard prediction of the light element
abundances. These constraints were shown previously in Sec. V, Fig. 16. While this gravitino problem has been
considered since the early 1980s [263, 265, 404, 429, 436, 523, 619] it has recently been updated in [219, 427, 466, 563]
and [123, 129, 163, 210, 339, 342, 397, 428, 549, 568, 593]. In the MSSM with gravitino DM, the neutralino is
disfavored as NLSP [266, 278, 279, 281, 282] unless mG˜ ∼< 1 GeV [163, 428]. The stau NLSP with mass around TeV
region was argued to be most consistent with cosmological and collider constraints [189]. The rather severe BBN
constraint may be avoided if there was late time entropy production which diluted the abundance of quasi-stable
NLSPs [148].
A quasi-stable negatively charged NLSP (such as a stau) can enter a bound state with nuclei and severely affect
early BBN era nuclear reactions. These considerations seem to constrain the charged NLSP lifetime to values shorter
than around 103 seconds [548]. More detailed studies followed in [334, 398, 419, 467] and then [220, 433, 550, 551] for
the case of gravitino DM with a charged NLSP. Possible impact on resolutions of the cosmic lithium problems were
also investigated in [84, 86, 399]. A coloured NLSP such as a stop or gluino could also enter bound states and lead to
even stronger constraints [479]. These authors require that the lifetime of NLSP be shorter than 200 sec for a heavy
NLSP.
Due to their highly suppressed interactions, gravitinos can be stable enough to be DM even when R-parity is
broken [147, 598]. For bilinearR-parity violation, the occasional gravitino DM decays can produce photons and massive
gauge bosons and the final decay products may constitute a source of gamma rays [185, 378], high energy cosmic
rays [149, 225, 379–381, 389] and neutrinos [209]. When the gravitino mass is below the W -boson mass, gravitinos
decay dominantly to photon plus neutrino; however, in some cases three-body decays may also be comparable [187,
191].
At the LHC one might in principle be able to probe and distinguish between gravitino DM and axino DM by
scrutinizing the quasi-stable NLSP tracks and decays [138]. For the broken R-parity case, the neutralino NLSP [121,
122] and the stop NLSP [208] cases were studied in the search for a gravitino DM signal at LHC.
B. Non-thermal WIMPs
The thermal relic density of higgsino LSP agrees with the present DM relic density when its mass is close to
1 TeV [555] and in the case of the wino it is around 3 TeV [351]. Shortly after the introduction of anomaly-mediated
SUSY-breaking models, with their concomitant wino-like LSP which generated a thermal under–abundance of WIMP
DM, Moroi and Randall [518] proposed non-thermal wino-like WIMP production via the decay of relatively light,
multi-TeV scale moduli fields which should always occur in string theory [10].
The issue was analyzed under rather general conditions by Gelmini and Gondolo [301] who conclude that, given a
SUSY theory with any standard thermal WIMP abundance, non-thermal effects from an arbitrary late-decaying scalar
field have the potential to bring the predicted WIMP relic density into accord with measurement by adjusting just
two parameters: the scalar field φ decay temperature TφD =
√
ΓφMP /(pi
2g∗(T
φ
D)/90)
1/4 and the ratio b/mφ where mφ
is the scalar mass and b is its decay branching fraction into WIMPs. The static and subsequent oscillatory motion of
the scalar field was discussed previously in Subsec. III C. At early times the scalar field is static, but at the oscillation
temperature Tφosc ' defined by 3H(Tφosc) ' m, the field φ begins to oscillate and in fact behaves as a matter fluid [602]
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FIG. 17: Dark matter relic density produced from cosmic string decay via loop cusping as a function of the symmetry breaking
VEV η, figure taken from [218]. The curves with different colors correspond to different values of the initial loop size parameter
α. The black dashed horizontal line denotes the observed dark matter relic density.
with ρφ ∝ R−3. If TφD is long enough, ρφ can be large enough for φ to dominate the Universe. Its decay into DM
particles will obviously increase the DM yield beyond thermal expectations, while its decay to SM particles will lead
to entropy dilution, thus decreasing the yield below the thermal expectation. Non-thermal generation of DM with a
full numerical calculation was presented in [41].
Since the decay must happen after WIMP freeze-out, the decay temperature of the non-thermal production of
WIMP should be below around mχ/25. Thus the non-thermal WIMP scenario naturally occurs for the very weakly
interacting heavy particles such as moduli [309, 518], Polonyi fields [522], gravitinos [144, 469], or axinos [184]. When
the number density of the produced WIMPs is so large that n〈σannv〉 > H, then WIMPs can reannihilate and the
relic density is determined by the temperature after decay, TD, [81, 184]
Ωχh
2 ' 0.14
(
90
pi2g∗(TD)
)1/2( mχ
100 GeV
)(10−8 GeV−2
〈σannv〉
)(
2 GeV
TD
)
. (81)
The mechanism was in particular applied to the case of wino-like DM [76, 517] which is expected from AMSB
models [518], string models [10], pure gravity-mediation models and spread supersymmetry [332]. These latter cases
are expected to have very heavy squarks and sleptons (∼ 25− 100 TeV), but with a sub-TeV AMSB-like spectrum of
gauginos and with a wino as LSP. Higgsino-like WIMP production from moduli decay in mirage mediation models [32]
and in more general string compactifications [31] has also been examined. WIMP production from visible sector scalar
field decay has been considered in [33].
The non-thermal WIMP scenario often invokes annihilation cross sections that are larger than standard values for
thermal WIMP DM. The large cross section has been used to explain the cosmic ray anomalies such as positron
excess in the PAMELA [259, 412, 520], AMS-02, and gamma-ray line signal in the Fermi-LAT. Since wino-like LSP
has rather large direct detection cross sections and annihilation rates, it has been claimed to be excluded by indirect
WIMP detection experiments [207, 273, 371], although it becomes again viable when, e.g., the reheating temperature
is comparable with, or lower than, the freezeout temperature [567].
WIMP production from cosmic string has been considered with/without friction terms in [218]. The dominant
production mechanism is concluded to be ‘cusping’: i.e. near the apex of a cusp (a portion of string overlapping
itself). It is known that, for a relatively small size of string, DM production is most significant right after the
freezeout time, tfr. In Fig. 17 ΩDM produced by cusping is presented as a function of the VEV η at which scale gauge
strings are formed by the Kibble mechanism. If η . 1010 GeV, non-thermal DM production by cusping is shown to
be below the observed CDM density. Including frictional interactions, string production of non-thermal DM exceed
the observed CDM abundance for 1011 GeV . η . 1013−15 GeV. However, DM candidates such as WIMPs rely on
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an almost exact discrete symmetry Z2 as discussed in Subsection III D, which is realized by spontaneous breaking of
a gauge U(1)′.
C. Axino dark matter
The axino a˜, stable or almost stable on cosmological time scales, is a well-motivated DM candidate because it occurs
from the axion solution of the strong CP problem. The axino as the superpartner of the axion was first considered right
after the recognition that softly broken supersymmetry (SUSY) was relevant for particle physics [299, 528, 599]. Axinos
belong to the category of E-WIMPs, and this radically changes their cosmological properties compared to thermal
WIMPs. Relic axinos can be produced in a hot plasma or in decays of heavy particles in the early Universe. A very
interesting case is when axinos constitute CDM, the possibility first considered in Refs. [212, 213]. Alternatively, axinos
may serve as a CDM-generating mother particles, a possibility first considered in Ref. [184] and used in GUTs [374].
In both cases, the non-thermal production of axinos or WIMPs is a key mechanism for CDM production. The axino as
hot DM (HDM), warm DM (WDM), and CDM in cosmology, astrophysics and collider experiments has been studied
in many papers [71, 72, 81, 82, 139, 186, 195, 212, 214, 215, 296–298, 414, 595].
A specific example of an E-WIMP is the axino from the PQ-augmented MSSM (PQMSSM). Axino interactions with
SM and MSSM particles are suppressed by the axion decay constant fa. The quantity that is most relevant for the
axino in astroparticle physics, and at the same time most poorly known, is its mass ma˜. There exist several theoretical
calculations of the axino mass [196, 198, 461]. A method for calculating the axino mass applies to any goldstino (the
superpartner of a Goldstone boson). A goldstino related to the Goldstone boson has a root in a global U(1) symmetry
and receives its mass below the SUSY breaking scale. SUSY breaking triggers the super-Higgs mechanism and is
related to the gravitino mass mG˜: this issue was recently clarified in Ref. [461]. The typical expectation for the axino
mass is of order mG˜. More generally, the phenomenologically allowed mass range encompasses a much wider set of
values which may be relevant for hot, warm or cold axino DM. We will discuss this in more detail below.
The saxion mass ms enters in the PQMSSM as a soft SUSY breaking term: thus, its mass is also expected to be
of order mG˜. Saxions can be produced both thermally and as a BCM. Depending on the saxion mass and couplings
and model, the saxion can decay into a variety of modes. A notable cosmological implication of saxion production
and decay to SM particles is the possibility of late-time (post freeze-out) entropy production and consequently a
dilution of frozen-out cosmic particles and the cosmic energy density. When applied to axion cosmology, the effect
leads to an increase in the cosmological upper bound on fa [80, 166, 424, 431, 446] for a given assumption on θi.
If kinematically allowed, saxions can also decay into SUSY particles, thus potentially increasing the abundance of
LSPs. Depending on couplings, saxions may also decay to axion pairs or axino pairs. In the first case, s → aa
decay may affect the cosmic microwave background temperature anisotropy by contributing an additional relativistic
component [57, 173, 318, 319, 338] (parameterized by the allowed number of additional species of neutrinos ∆Neff
as discussed previously). There is some possible evidence for an elevated value of ∆Neff beyond SM values, but a
conservative limit gives ∆Neff . 1.6. In the case where saxions decay to axinos or other SUSY particles, then their
late decays may augment the abundance of LSP dark matter, be it axinos, neutralinos, gravitinos or something else.
In this Subsection, we will adopt a phenomenological point of view and treat the axino mass ma˜ as a free parameter
ranging from eV to multi-TeV values. A schematic representation of several DM candidates including the axino was
shown previously in the strength of interaction vs. mass plane in Fig. 1. The various candidates were labelled by
color (red, pink and blue) depending on whether they would comprise HDM, WDM or CDM. Depending on the axino
mass and the production mechanism, cosmic axinos may fall into any of these different categories as discussed below.
D. Axino production in the early Universe
As mentioned earlier in Fig. 15, there are two generic ways of producing relic axinos in the early Universe [211]:
• thermal production from scatterings and decays of particles in thermal equilibrium, and
• non-thermal production from out-of-equilibrium decays of heavier particles wherein the parent particles them-
selves may be produced either thermally or non-thermally.
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1. Thermal production of relic axinos
Primordial axinos decouple from thermal equilibrium at the temperature [560]
Tdec = 10
11 GeV
(
fa
1012 GeV
)2(
0.1
αs
)3
. (82)
For Treh > Tdec the axino relic density from thermal production is estimated to be
Ωa˜h
2 ' ma˜
2 keV
(83)
so that one would overproduce dark matter unless the axino mass is bounded to be smaller than ∼ 0.2 keV [560]. Such
high values of Treh & 1011 GeV tend also to overproduce gravitinos which can lead to violations of BBN predictions
and/or overproduction of DM. Also, in inflationary cosmology, any population of primordial axinos may be strongly
diluted by the exponential expansion in which case the keV mass upper bound of Ref. [560] no longer holds. However,
axinos can be re-generated during reheating.
When the reheating temperature Treh is below the decoupling temperature, axinos do not reach thermal equilibrium.
However, axinos can still be produced from scatterings in a thermal plasma. The calculation follows a similar procedure
to that used to estimate gravitino regeneration and decay [263, 429]. If the axino mass ranges from an MeV to several
GeV, then the correct axino CDM density is obtained (in the case of the KSVZ axion/axino model) with Treh less
than about 5× 104 GeV [212].
Thermal production of axinos is described by the Boltzmann equation,
dna˜
dt
+ 3Hna˜ =
∑
i,j
〈σ(i+ j → a˜+ . . .)vrel〉ninj +
∑
i
〈Γ(i→ a˜+ . . .)〉ni, (84)
where the first term on the right-hand side corresponds to scatterings and the second one to decays, σ(i+ j → a˜+ . . .)
is the scattering cross section for particles i, j into final states involving axinos, and ni stands for the number density
of the ith particle species. Γ(i→ a˜+ . . .) is the corresponding decay width into final states including axinos.
To solve the Boltzmann equation, a large number of axino production diagrams must be calculated which include
various radiation and decay processes. In the KSVZ model, where axinos dominantly couple via a derivative coupling
to strongly interacting SUSY/SM particles, then the axino abundance is proportional to Treh [139, 212, 313, 595]. For
instance, Ref. [139] gives
Y TPa˜ (KSVZ) ' 2× 10−7g6s ln
(
1.108
gs
)
Treh
104 GeV
(
1011 GeV
fa
)2
(85)
where gs is the strong coupling renormalized around Treh.
Alternatively, in the SUSY DFSZ axion model, where the axion superfield directly couples to PQ charged MSSM
Higgs doublets via the superpotential Higgs/higgsino parameter µ [457], the axino abundance is largely independent
of Treh [60, 61, 192]
Y TPa˜ (DFSZ) ' 10−5ζa˜
( µ
TeV
)2(1011 GeV
fa
)2
, (86)
where ζa˜ is a model-dependent constant of order 1.
In Fig. 18 (taken from Ref. [183] and updated using Refs. [212] and [215]), we show the thermally-produced axino
yield Y resulting from scatterings and decays involving strong interactions in the KSVZ model. For different values
of fa, the curves move up or down proportional to 1/f
2
a . The contributions from SU(2)L and U(1)Y interactions are
suppressed by the gauge coupling because the cross section σ ∝ α3. (For comparison, in Fig. 18, we also show the
yield from bino-like neutralino decay after freezeout, which is subdominant at larger Treh, but becomes important at
low Treh.)
In the case of scatterings, we compare three different prescriptions for treating the infrared (IR) divergence. They
have been used in the literature. In Ref [212], an effective thermal mass approximation was used to regulate the
infrared divergence from massless gluons. A more consistent method using a hard thermal loop (HTL) approximation
was used in Ref. [139]. The technique is, however, valid only in the region of a small gauge coupling, gs  1,
which corresponds to the reheating temperature Treh  106 GeV where, as we shall see, axinos as DM are too warm.
In Ref. [595] fully re-summed finite-temperature propagators for gluons and gluinos were used which extended the
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FIG. 18: Thermal yield of axinos, Y TPa˜ ≡ na˜/s, versus Treh in the SUSY KSVZ model. For strong interactions, the effective
thermal mass approximation (black) is used. We use the representative values of fa = 10
11 GeV and mq˜ = mg˜ = 1 TeV. For
comparison, we also show the HTL approximation (dotted blue/dark grey) and that of Strumia (green/light grey). We also
denote the yield from squark (solid green/light grey), gluino decay (dotted red), and out-of-equilibrium bino-like neutralino
decay (dashed black) with CaY Y = 8/3. Figure taken from [183].
validity of the procedure down to Treh ∼> 104 GeV. However, the gauge invariance at the next-to-leading order is not
maintained. We conclude that there currently remains a factor of a few uncertainty in the thermal yield of axinos at
high Treh.
As noted in Ref. [60], when the temperature is higher than the mass MQ of the PQ-charged and gauge-charged
matter in the model which induces the axino-gaugino-gauge boson interaction, the interaction amplitude is suppressed
by M2Q/T
2, in addition to the suppression by the PQ scale fa. This is most notable in the DFSZ model where the
higgsino mass µ is around the weak scale, and the temperature is higher than this scale.
Axinos can also be efficiently produced through decays of thermal particles via the second term in Eq. (84) when
Treh is comparable to the mass of the decaying particles. At larger Treh, the contribution from decays becomes
independent of temperature and, in any case, is strongly subdominant relative to that from scatterings. At lower
Treh, the production becomes exponentially reduced due to the Boltzmann suppression factor for the population of
decaying particles in a thermal plasma.
One of the relevant decay channels is a two-body decay of a gaugino into an axino and a gauge boson [212]:
e.g. χ → γa˜ or Za˜. The gaugino-axino-sfermion-sfermion interaction in Eq. (23) generates three-body decays of a
gaugino into an axino and two sfermions, which is subdominant to the two-body decay. In the KSVZ model, an
effective dimension-4 axino–quark–squark coupling is generated at one-loop levels and the squark decay can produce
significant numbers of axinos [215]. Axino production from thermal gluons, neutralinos and squarks is also shown in
Fig. 18.
In the DFSZ framework, the dominant thermal axino production mechanism comes from scatterings involving
SU(2)L interactions and from the decays of higgsinos into axino plus a Higgs boson due to a tree-level axino–Higgs–
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higgsino interaction term [60, 192, 457] that is proportional to the higgsino mass µ: e.g.
LDFSZ 3 cH µ
fa
a˜[H˜dHu + H˜uHd] + h.c. (87)
Axino production from higgsino decays in thermal equilibrium is comparable to – or for large µ can even be larger
than – that from squark decays for which a coupling already exists at a tree level due to the c2 interaction term,
which is proportional to the mass of the quark. Generally, in the DFSZ framework, axino production from thermal
decays dominates [192] over production from scatterings [60, 61, 192, 212], which is suppressed by the quark mass at
higher temperature [60]. Therefore, the axino abundance is independent of the reheating temperature if the reheating
temperature is high enough compared to the higgsino mass, as shown in Eq. (86).
E. Non-thermal axino production via sparticle decays
When axinos are the lightest SUSY particle, they are likely to comprise at least a portion of the dark matter.
Axinos can be produced thermally as discussed above, but also non-thermally via decay of heavier SUSY particles –
especially the NLSP – which would be present in the thermal plasma after NLSP freeze-out. The NLSP, considered
here to be the lightest MSSM particle, would couple to the axino via interactions suppressed by 1/fa.
If axinos are produced via NLSP decays very late – at times later than one second after the Big Bang – then the
injection of high energy hadronic and electromagnetic particles can affect the abundance of light elements produced
during Big Bang Nucleosynthesis (BBN) [396, 427].
In the case of NLSP decays to axino, the BBN constraint can be severe especially for large values of fa as discussed
in Refs [212, 214] and [296–298]. However, as long as fa ∼< 1012 GeV, the lifetime of bino-like NLSP in the mass range
of a few hundred GeV is less than 1 second (and for the stau, it is similar) which liberates axino DM from the BBN
problem. Constraints from BBN may also be applicable when the axino is heavy and unstable, in which case it decays
into lighter MSSM particles and SM particles [57, 184].
Non-thermal production of axinos follows the scheme presented in Fig. 15 where Φ stands for the NLSP. After the
NLSP freezes out from the thermal plasma, then the final step is the decay of the NLSP to the axino LSP. This decay
occurs at a much later time scale compared to that for producing NLSPs owing to the small coupling (∼ 1/fa) for
NLSP decay into axinos. In this case the number density of axinos is the same as one of the NLSP, and the NTP of
axinos from NLSP decay is simply given by
ΩNTPa˜ h
2 =
ma˜
mNLSP
ΩNLSPh
2 ' 2.7× 1010
( ma˜
100 GeV
)
YNLSP. (88)
For the case of the lightest neutralino as NLSP, we show in Fig. 19 the neutralino lifetime versus mχ˜01 for various
values of fa divided by the bino content of the neutralino [78]. As can be seen, the neutralino tends to decay before
about 1 second (onset of BBN) for fa . 1012 GeV and heavier mχ˜01 values [78, 212, 213].
In the case where Φ of Fig. 15 stands for other non-thermal relics (e.g. an inflaton, moduli, saxion, Q-balls [566]
etc.), then their decays can also produce axinos; this implies that our estimation of axino production from NLSP
decay is a conservative one for the axino relic density.
In Refs. [212, 213] axinos were considered primarily as CDM but in the latter reference cases when they could be
HDM and WDM were also discussed. Squark decays in a thermal plasma were also considered in [215], and studies
in the CMSSM with a neutralino and a stau as NLSP [214] followed by detailed calculations in Refs. [296–298]. It
was shown that tau–stau–axino couplings are not important for thermal production, but important for non-thermal
production when the stau is the NLSP. Cases for a colored NLSP were considered in Refs. [106, 210]; however, their
contribution is negligible due to their late freezeout. For CDM axinos (10 keV for TP or 10 MeV for NTP), relatively
low reheating temperatures are preferred as shown in Fig. 20. At the time of their production, axinos are relativistic
but their velocity is subsequently red-shifted and they have a small free streaming length by the time of structure
formation.
In Fig. 20 [183], an upper limit on the reheating temperature vs. axino mass – considering both TP and NTP –
is shown in the KSVZ model for fa = 10
11 GeV and for three different values of YNLSP = 0, 10
−10, and 10−8. For a
small axino mass, less than some 10 MeV, thermal production is dominant and depends on the reheating temperature.
However, for a larger mass, NTP provides the dominant contribution. The regions above/to the right of the curves
are excluded due to the over–abundance of axino DM.
The axino in the eV or even sub-eV mass range – belonging to the HDM category – have been considered early
on in Ref. [456]. An interesting HDM axino case is axino production via photino decay, which may contribute to
∆Neff and be relevant both in the standard Big Bang and in the inflationary cosmology. This is because the photino
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FIG. 19: Lifetime (in seconds) of a bino-like χ˜01 with a a˜ as LSP versus mχ˜01
, for various choices of (fa)/v
(1)
4 (in GeV units) [78].
Here, v
(1)
4 is the bino component of the lightest neutralino in the notation of [78] and also CaY Y = 8/3 is used.
abundance is calculated from the photino decoupling temperature, which is below the reheating temperature after
inflation; hence, the photino abundance is independent of the cosmological scenarios. A related sub-eV mass fermion
useful for DM is the gravitino for mG˜ ∼< 1 keV [535]. Because the decoupling temperature of the gravitino is close to
the Planck mass, primordial gravitinos were diluted out in the inflationary Universe.20 However, axinos can decay
to sub-eV gravitinos [194] which are possible in the gauge-mediated SUSY breaking scenario. In the unstable axino
case, sub-eV gravitinos can become HDM in the Universe, which is called the ‘axino-gravitino cosmology’ [438]. The
axino-gravitino cosmology seems a natural scenario for gauge mediated SUSY breaking models [247, 308].
A further possibility for axino CDM arises in the Asaka-Yanagida scenario [49]. In this case, it is assumed
m(sparticle) > m(gravitino) > m(axino). Then, any possibility of overproduction of gravitinos by sparticle de-
cays is avoided since axinos inherit the gravitino number density and the energy density is reduced by the ratio
ma˜/m3/2. Also, BBN constraints on sparticle→ gravitino decays can be avoided since now the quicker sparticle→
axino decays can bypass the gravitino. This scenario allows Treh values above the 10
9 GeV level which seems required
for simple leptogenesis [79] and the recent estimate of high value of HI [506, 615], but which is otherwise constrained
by the gravitino BBN and overproduction problems.
Axinos in the keV range constitute WDM (for ma˜ < 2 keV) in the standard Big Bang cosmology [560]. But in the
currently standard inflationary cosmology, the primordial population of WDM axinos is diluted away if the reheating
temperature Treh after inflation is much lower than fa. In this case, keV-mass axinos cannot become WDM in the
inflationary cosmology for Treh < fa. If the BICEP2 value for HI ' 1.1 × 1014 GeV (with r ' 0.2) [13] is accepted,
Treh after inflation cannot be much lower than fa. For leptogenesis, roughly Treh ≈ 0.5 × 1010 GeV was obtained
starting from HI ∼ 2×1012 GeV in Ref. [145, 146] as shown in Fig. 21. The keV axino as WDM may be still feasible.
Warm DM was recently advocated in a review for a solution of the cuspy-core problem in the ΛCDM cosmology [547].
Axinos from NTP via the decay of heavier particles can have a large free-streaming length [173, 579]. In this case
the MeV mass axinos has to be warm enough to suppress the small scale structures that can be probed by using
Lyman-α [133] and reionization [400] data. The blue arrow line in Fig. 20 shows this region for axinos produced from
neutralino decay. This constraint however is relaxed if the decay-produced axino population is subdominant to the
population of cold axions.
In Fig. 22 we show the contours of the reheating temperature needed to explain the correct DM relic density for
fa = 10
11 GeV and YNLSP with a typical value of bino-like neutralino NLSP in the SUSY KSVZ model. The wedges
20 If the recent BICEP2 determination ofHI ' 1.1×1014 GeV [506]
is confirmed, then the sub-keV gravitino hot DM possibility may
be ruled out.
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FIG. 20: Treh versus ma˜ for fa = 10
11 GeV in the KSVZ model. The bands inside the adjacent curves correspond to a correct
relic density of the DM axino with both TP and NTP included. The relic density of CDM is derived from Planck data [12]
ΩCDMh
2 = 0.1199 ± 0.0027 (68% CL). To parametrize the non-thermal production of axinos, we used YNLSP = 0 (I), 10−10
(II), and 10−8 (III) in Eq. (88). The upper right-hand area of the plot is excluded because of the over–abundance of axinos.
The regions disallowed by structure formation are marked with vertical blue dashed lines and arrows, respectively, for TP
(ma˜ ∼< 5 keV) and NTP (ma˜ ∼< 30 MeV, for a neutralino NLSP).
on the right hand side are disallowed by overdensity of DM (blue) and axino is not LSP (red). For small axino mass
the TP dominates and the contour is vertical. However, when NTP of axinos begins to contribute then Treh depends
on the mass of the NLSP as well as on the axino mass.
In R-parity violating models axinos LSPs can decay with a lifetime much longer than the age of the Universe. Then,
photons from axino decay may be a DM signature and may explain some astrophysical anomalies [193, 232, 268, 340,
368].
F. Mixed axion-axino CDM
Models with axinos as DM necessarily contain axions also so that one expects mixed axion-axino CDM, i.e. two
dark matter particles. In such a case, the total dark matter abundance is constrained to equal its measured value
Ωaa˜h
2 ' 0.12. For the range of fa . 1012 GeV, then one would expect
Ωaa˜h
2 = Ωah
2 + ΩTPa˜ h
2 + ΩNTPa˜ h
2 + ΩG˜a˜ h
2 (89)
where ΩNTPa˜ =
ma˜
m
χ˜01
Ωχ˜01h
2 and ΩG˜a˜ =
ma˜
mG˜
ΩTP
G˜
h2: i.e. we expect dark matter to be comprised of axions via vacuum
misalignment, thermally produced axinos and axinos produced non-thermally by both neutralino and gravitino decays.
In Fig. 23, we show the axino abundance as calculated within the KSVZ model. In the upper frame, the relative
importance of the four individual contributions is shown as a function of fa for an mSUGRA/CMSSM scenario with
mG˜ = 1 TeV, mχ˜01 = 122 GeV and a would-be value of Ω
TP
χ˜01
h2 = 9.6. For the axion/axino sector we take θi = 0.05
and ma˜ = 100 keV. The value of Treh is adjusted such that Ωaa˜h
2 = 0.12, which is shown in the lower frame of
Fig. 23. For low fa values, the TP axino contribution is dominant since the axino-gluino-gluon coupling is large and
the corresponding Treh can be read in the lower figure. But as fa increases, the axion component grows and it becomes
dominant at fa ∼ 4 × 1013 GeV. In this case, Treh can reach as high as ∼ 1011 GeV with mainly axion CDM. Such
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FIG. 21: For leptogenesis, Treh is estimated with some parameters to reach Treh ≈ 5× 109 GeV after the horizon expands by
0.4 million times, starting from HI ∼ 2× 1012 GeV [145, 146].
FIG. 22: Contours of the reheating temperature that gives the correct relic density of axino dark matter in the SUSY KSVZ
model in the NLSP–axino mass plane [183]. Here, we have assumed YNLSP = 10
−12 (mNLSP/100 GeV), typical of neutralino
NLSP, and have taken fa = 10
11 GeV. The cyan wedge in the upper right-hand corner is excluded by the overdensity of DM,
while in the red wedge below it, the axino is not the LSP.
large values of Treh are consistent with the values needed to sustain thermal leptogenesis (which requires Treh & 109
GeV). However, for such high fa, then the χ˜
0
1 becomes so long-lived that it violates the bounds from BBN on late
decaying neutral particles (as indicated in the figure).
The contribution ΩNTPa˜ h
2 = ma˜m
χ˜01
Ωχ˜01h
2 [213] is of crucial importance since in SUSY models with a large value of
Ωχ˜01h
2  0.12 – which one might naively expect are excluded – the prefactor mass ratio can reduce the apparent
abundance by huge factors – and the model becomes phenomenologically allowed. In the era of ever tighter LHC
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FIG. 23: Upper frame: Contribution of axions and TP and NTP axinos as a function of fa, for an mSUGRA point with
m0 = 1000 GeV, m1/2 = 300 GeV, A0 = 0, tanβ = 10 and µ > 0, and fixing ma˜ = 100 keV and θi = 0.05; Treh is adjusted
such that Ωaa˜h
2 = 0.12. Lower frame: the value of Treh that is needed to achieve Ωaa˜h
2 = 0.12 for ma˜ = 0.1 and 1 MeV, for
the same mSUGRA point and θi. Figure taken from [79].
constraints on sparticle masses, the remaining parameter space of models such as the CMSSM tend to predict ΩTP
χ˜01
h2 ∼
10− 104. The possibility of χ˜01 → a˜γ decays brings such models back into the regime of being cosmologically-allowed.
While for this case the values of fa & 1011 GeV become disallowed by BBN constraints, at even higher fa values
∼ MGUT ' 1016 GeV the region can again become allowed if we include the effects of saxion production and decay
in the calculation. Saxion production via BCM becomes large at large fa (assuming the initial saxion field strength
si ∼ fa), and if they decay mainly to SM particles then they give rise to late-time entropy injection which dilutes
all relics present at the time of decay. While one might expect the saxions at large fa to violate BBN constraints, if
the saxion mass is sufficiently large – around a few TeV – then their decay rate is hastened and can be again BBN
allowed [80].
G. Mixed axion-neutralino CDM
In supergravity models, it is generally expected that the axino mass [198, 461] would also be of order mG˜, which
also sets the mass scale for the superpartner spectrum. Then, it is expected that the lightest MSSM particle would
be LSP and we would have mLSP < ma˜. For this scenario, one would expect DM to be comprised of an axion-
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LSP admixture. In most models, the lightest MSSM particle turns out to be the lightest neutralino, so one then
expects mixed axion-neutralino dark matter, with the obvious consequence that both the axion and a WIMP might
be detected in DM search experiments. We will see in this case that three distinct populations of axions arise: from
thermal production, from BCM and from decays. While the second of these would give rise to CDM axions, the decay
process would lead to production of dark radiation. Likewise, the neutralinos can be produced thermally, but also
non-thermally via axino [81, 184], gravitino and saxion decays.
Calculation of mixed axion-neutralino CDM production breaks up into two distinct cases depending upon whether
one assumes 1. a SUSY KSVZ axion model or 2. a SUSY DFSZ axion model. Further model dependence arises from
the form of the axion-axino-saxion kinetic terms and self-couplings. In four component notation, these are of the
form [198]
L =
(
1 +
√
2ξ
vPQ
s
)[
1
2
∂µa∂µa+
1
2
∂µs∂µs+
i
2
¯˜a∂/a˜
]
(90)
where ξ =
∑
i q
3
i v
2
i /v
2
PQ. Here qi and vi denote PQ charges and VEVs of PQ fields Si, and the PQ scale vPQ = fa/
√
2
is given by vPQ =
√∑
i q
2
i v
2
i . In the above interaction, ξ is typically ∼ 1, but in some cases can be as small as
∼ 0 [198].
1. SUSY KSVZ with ξ = 0
In the SUSY KSVZ case with ξ = 0, then the axion supermultiplet couples to PQ charged heavy quark superfields
Q and Qc. Upon integrating out the heavy quark fields, one is left with effective saxion-gluon-gluon and axino-gluino-
gluon derivative couplings which give rise to Treh-dependent thermal production rates [139, 317, 318]:
ρTPa˜
s
' 0.9× 10−5g6s ln
(
3
gs
)(
1012 GeV
fa
)2(
Treh
108 GeV
)
ma˜ (91)
ρTPs
s
' 1.3× 10−5g6s ln
(
1.01
gs
)(
1012 GeV
fa
)2(
Treh
108 GeV
)
ms (92)
ρTPa
s
' 18.6g6s ln
(
1.501
gs
)(
1012 GeV
fa
)2(
Treh
1014 GeV
)
ma. (93)
In addition, axions and saxions can be produced via BCM with the saxion abundance estimated as [80, 431]
ρBCMs
s
' 1.9× 10−5 GeV
(
min[Treh, Ts]
108 GeV
)(
fa
1012 GeV
)2(
si
fa
)2
. (94)
Notice that saxions are thermally produced at large rates in the lower range of fa . 1011 GeV while they are
dominantly produced by BCM at high fa > 10
12 GeV.
In the SUSY KSVZ model, the axinos decay via a˜→ gg˜, γχ˜0i and Zχ˜0i (for i = 1− 4 neutralinos), with the first of
these typically dominating if it is kinematically open. Of course, these (cascade) decays will all augment the neutralino
abundance provided that the axinos decay after neutralino freeze-out: T a˜D < Tfr. The saxion decays are expected to
be s → gg or s → g˜g˜ if the latter mode is open. The first of these leads to possible entropy dilution reducing the
abundance of any relics present at the time of decay, while the second of these may augment neutralino production.
Simple approximate analytic formulae for neutralino and axion production in a radiation-dominated (RD), matter-
dominated (MD) or decay-dominated (DD) Universe can be found in Ref’s [81, 184]. A more detailed treatment which
also allows for a temperature dependent 〈σv〉 (as occurs for a bino-like LSP which annihilates via p–wave processes)
requires simultaneous solution of eight coupled Boltzmann equations for radiation, saxions (TP or BCM), axions (TP
or BCM), axinos, neutralinos and gravitinos. The calculation tracks the various energy densities as a function of
scale factor, R/Rreh, where Rreh is the scale factor at temperature Treh at the end of inflation when the Universe is
(re)heated.
The evolution of various energy densities ρi are shown in Fig. 24. As an example, we adopt a mSUGRA/CMSSM
benchmark point with parameters (m0, m1/2, A0, tanβ, sign(µ)) = (400 GeV, 400 GeV, 0, 10, +). The sparticle
mass spectrum is generated by Isasugra [77, 536], and has a bino-like neutralino with mass mχ˜01 = 162.9 GeV
and a standard relic abundance from IsaReD [63] of Ωstd
χ˜01
h2 = 1.9 (it would thus be excluded by WMAP/Planck
measurements assuming the standard neutralino freeze-out calculation). We assume a gravitino mass mG˜ = 1 TeV.
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FIG. 24: Evolution of radiation, neutralino, axion, saxion, axino and gravitino energy densities versus scale factor R. We
adopt an mSUGRA SUSY model with parameters (m0,m1/2, A0, tanβ, sign(µ)) = (400 GeV, 400 GeV, 0, 10,+). We also take
mG˜ = 1 TeV and Treh = 10
10 GeV and PQ parameters ma˜ = 1 TeV, ms = 5 TeV, θi = 0.5, θs = 1 with fa = 10
12 GeV. Figure
taken from [82].
For the SUSY KSVZ model, the PQ parameters are ma˜ = 1 TeV, ms = 5 TeV, θi = 0.5 and fa = 10
12 GeV along
with Treh = 10
10 GeV. Also, θs = 1, where θsfa is the initial field amplitude si for the BCM saxions.
From Fig. 24, we see the Universe is initially radiation-dominated (gray curve). At R/Rreh ∼ 107, the temperature
drops to T ∼ 1 TeV so that the thermally-produced axinos, saxions and gravitinos become non-relativistic. At
R/Rreh ∼ 109, neutralinos begin non-relativistic and their abundance falls steeply; they soon freeze out at around
T ∼ mχ˜01/25. The dot-dashed curve shows the standard neutralino density in the MSSM while the solid curves show
the PQ augmented MSSM results. In the PQMSSM, saxions – and later still axinos – begin decaying in earnest, and
augment the neutralino abundance. At T ∼ 0.5 GeV, the energy density of axinos surpass the radiation component
and the Universe becomes axino-dominated until the axino decays at T ∼ 10 MeV. In this case, the final neutralino
abundance is enhanced far beyond its standard value due to the augmentation by thermal axino and saxion production
and cascade decay to neutralinos. Also near T ∼ 1 GeV, we see that the axion oscillation temperature is reached,
and an abundance of CDM axions arises (red curve).
In such calculations, it is possible to scan over PQMSSM parameters to find the ultimate combined neutralino-
plus-axion relic density. Results are shown in Fig. 25 of the final neutralino relic density Ωχ˜01h
2 in the PQMSSM,
where each model is plotted versus fa. The blue points are labeled as BBN-allowed, while red points violate the
BBN bounds as described previously. Here, a mSUGRA/CMSSM point lying in the A-resonance annihilation region
has been assumed with 2mχ˜01 ∼ mA. This requires mSUGRA parameters (m0,m1/2) = (400 GeV, 400 GeV) and
(A0, tanβ, sign(µ)) = (0, 55,+), for which Ω
std
χ˜01
h2 ∼ 0.02, i.e. a standard thermal under-abundance of bino-like
neutralinos.
In this case, a scan over PQ parameters yields many points at low fa with Ωχ˜01h
2 ∼ 0.02−10. Thus, the (neutralino)
standard under abundance (SUA) may be enhanced up to the WMAP/Planck-allowed value, or even beyond. As one
pushes to higher fa values, the axino becomes so long-lived that it only decays after neutralino freeze-out, and hence
the neutralino abundance is always enhanced. Above fa ∼ 1012 GeV, the neutralino abundance is enhanced into the
WMAP-forbidden region, with Ωχ˜01h
2 always larger than 0.12. As we push even higher in fa, then axino production
is suppressed, but BCM-production of saxions becomes large. Entropy dilution turns the range of Ωχ˜01h
2 back down
again, and at fa ∼ 1014 GeV, some BBN-allowed points again reach Ωχ˜01h2 ∼ 0.12. In this case, even rather large fa
values approaching MGUT are allowed.
For the points with Ωχ˜01h
2 < 0.12, the remaining DM abundance can be accommodated by axions via a suitable
adjustment of the initial axion misalignment angle θi such as to enforce Ωχ˜01ah
2 = Ωχ˜01h
2 + Ωah
2 = 0.12. For lower
fa < 10
12 GeV, then θi ∼ 0.1−3 is typically required while for much higher fa ∼ mGUT , then θi ∼ 0.01−0.1 although
larger values are allowed in cases of large entropy dilution.
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FIG. 25: Calculated neutralino relic abundance versus fa from mSUGRA SUSY model BM3. The spread in dots is due to a
scan over PQ parameters fa, Treh, ma˜, ms, θs. Figure taken from [82].
2. SUSY KSVZ with ξ = 1
This case is much the same as SUSY KSVZ with ξ = 0 except that now s→ aa and s→ a˜a˜ decays are also possible.
The first of these is always open and tends to dominate the saxion branching fractions leading to dark radiation. The
second is only open if kinematically allowed, but can augment the neutralino abundance.
In Ref. [57], an eight coupled Boltzmann equation evaluation of mixed axion-neutralino DM abundance was per-
formed for two SUSY model benchmark point: one labeled SUA was from radiatively-driven natural SUSY with a
higgsino-like LSP and an expected standard thermal abundance Ωχ˜01h
2 ' 0.01, i.e. an order of magnitude below
the measured value. The other, an mSUGRA/CMSSM point with mh = 125 GeV and labelled by standard over-
abundance (SOA), had a standard over-abundance of bino-like neutralinos Ωχ˜01h
2 ' 7, a factor of 70 too high. A
scan over a large range of parameters fa, ma˜, ms, s0 (the initial saxion field strength) and Treh found that the SOA
point always generated too much neutralino density for fa . 1013 GeV. For fa & 1013 GeV where entropy dilution
could reduce Ωχ˜01h
2 to 0.12 or below, then points were always excluded by generating too much dark radiation from
BCM-produced saxions followed by s → aa decay. Thus, the SOA benchmark point remained always excluded in
moving from the MSSM model to the SUSY KSVZ model. While calculations were performed for a specific CMSSM
benchmark, similar behavior is expected for all SUSY models with a standard over–abundance: moving from MSSM
to SUSY KSVZ model with ξ = 1 doesn’t allow to save the model from exclusion.
In Fig. 26, the scan results for the neutralino relic density as a function of fa for the SUA benchmark point is
shown. Blue (red) points are allowed (excluded) by BBN constraints and have ∆Neff < 1.6, while magenta points
have ∆Neff > 1.6. The green points are both allowed by BBN and lie in the 1σ interval for ∆Neff from the current
WMAP9 results. The standard thermal value for Ωχ˜01h
2 is shown by the dashed gray line and we see that for fa . 1013
GeV the neutralino relic abundance is enhanced by TP axino decays, s→ a˜a˜ and/or s→ g˜g˜ decays. For larger values
of fa, there are several solutions with suppressed values of Ωχ˜01h
2 when compared to the MSSM value. These points
usually have suppressed axino and thermal saxion production (due to the large fa value) and s → g˜g˜ is forbidden
(ms < 2mg˜). In this case, the injection of neutralinos from axino and saxion decays is highly suppressed and easily
compensated by the entropy injection from BCM-produced saxions followed by decays to gluons. However, as shown
in Fig. 26, all these points have too large values of ∆Neff . This is understood in that it is not possible to have
entropy dilution from coherent oscillating saxions without either violating the CMB constraint on dark radiation
or overproducing neutralinos (Ωχ˜01h
2  0.12). The blue-shaded region in the Figure is excluded by applying the
recent Xe-100 WIMP search bounds [40] to SUA with a re-scaled local abundance of WIMPs. The upshot is that
DM-allowed points for SUA-type models can be generated for fa . 1012 GeV or fa & 1015 GeV. The few DM-allowed
points labelled as green can in addition explain any excess in ∆Neff which might be found.
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FIG. 26: Ωχ˜01
h2 as a function of the PQ breaking scale fa for the scan over the PQ parameter space defined in Ref. [57],
assuming natural SUSY benchmark point with a standard thermal under-abundance of neutralinos (SUA). Blue and red points
have ∆Neff < 1.6, while green points have 0.4 < ∆Neff < 1.2 and magenta points have ∆Neff > 0.1.6. Also, blue and green
points are allowed by the BBN constraints on decaying saxions, axinos and gravitinos, while red points are excluded. The
gray dashed line shows the standard thermal value ΩTPχ˜01
h2 in the MSSM. The blue-shaded region is excluded by Xe-100 WIMP
searches at mχ˜01
= 135.4 GeV [40] after applying a re-scaled local WIMP abundance. Figure taken from [57].
3. SUSY DFSZ with ξ = 0
In the SUSY DFSZ model, the MSSM Higgs doublets carry PQ charges, and so couple directly to the axion
supermultiplet: the superpotential is of the form
WDFSZ 3 λ S
2
MP
HuHd. (95)
An advantage of this approach is that it provides a solution to the SUSY µ problem [457]: since the µ term is
supersymmetric, one expects µ ∼ MP in contrast to phenomenology which requires µ ∼ mweak. In this Kim-
Nilles solution, PQ charge assignments to the Higgs fields imply that the usual superpotential µ term is forbidden.
Upon breaking of PQ symmetry, the field S receives a vev 〈S〉 ∼ fa, so that an effective µ term is generated with
µ ∼ λf2a/MP . For λ ∼ 1 and fa ∼ 1010 GeV, then one may generate µ ∼ 100 GeV in accord with requirements from
naturalness [67] whilst mq˜ ∼ m3/2 ∼ 10 TeV in accord with LHC constraints and in accord with at least a partial
decoupling solution to the SUSY flavor, CP and gravitino problems [18, 44, 206, 245].
In SUSY DFSZ, the direct coupling of the axion supermultiplet to the Higgs superfields leads to thermal production
rates which are independent of Treh. The saxion and axino thermal yields are then given by [60, 61, 192]
Y TPs ' 10−7ζs
( µ
TeV
)2(1012 GeV
fa
)2
(96)
Y TPa˜ ' 10−7ζa˜
( µ
TeV
)2(1012 GeV
fa
)2
(97)
where the ζi are model-dependent constants of order unity. Saxions can also be produced as before via BCM.
Neutralinos can be produced (as before) thermally but also via axino, saxion and gravitino decays. In SUSY
DFSZ, the dominant axino decay modes include: a˜→ χ˜0iφ (where φ = h,H,A), χ˜0iZ (i = 1− 4), χ˜±j H∓ and χ˜±j W∓
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FIG. 27: The neutralino relic density from a scan over SUSY DFSZ parameter space for the SUA benchmark case with
ξ = 0 [58]. The misalignment angle θi is adjusted so that the total CDM relic density Ωχ˜01a
h2 = 0.12.
(j = 1− 2). Summing over decay modes and neglecting phase space factors, the axino width is
Γa˜ ∼ c
2
H
4pi
(
µ
vPQ
)2
ma˜, (98)
where cH is an order one parameter for the axino (saxion) coupling arising from Eq. (95) and vPQ ≡
√∑
i q
2
i v
2
i ∼ fa
in terms of PQ charges and VEVs. This tends to greatly exceed the value obtained in SUSY KSVZ so that in SUSY
DFSZ axinos frequently decay before neutralino freezeout.
Saxions – produced thermally and via BCM – can decay via s → hh, HH, hH, AA, H+H−, ZZ, W+W−, ZA,
W±H∓, χ˜0i χ˜
0
i′ , χ˜
±
j χ˜
∓
j′ , and also to fermions and sfermions (complete decay formulae are given in [59]). For large ms,
the width is dominated by
Γ(s→ Higgsinos) ' c
2
H
32pi
(
µ
vPQ
)2
ms. (99)
In addition, for ξ ∼ 1, the decay s→ aa may be sizable, leading as before to dark radiation [57], or s→ a˜a˜ may occur
as well, further augmenting the LSP abundance. For fa . 1012 GeV, saxions also tend to decay before neutralino
freeze-out. A comparison of the saxion radiation equality temperature T se against the decay temperature T
s
D shows
that saxions dominate the energy density of the Universe only when fa & 1014 GeV for which Y BCMs is large enough.
A coupled Boltzmann calculation of mixed axion-neutralino abundance has been performed in Ref. [58] for the
SUA and SOA SUSY models in the SUSY DFSZ model with ξ = 0 by scanning over fa, ms, ma˜, s0 and Treh. For
models with Ωχ˜01h
2 ≤ 0.12 (i.e. allowed models), then the remaining CDM abundance was filled by axions via suitable
adjustment of θi.
From Fig. 27, we see that at very low values of fa ∼ 109 − 1010 GeV, then axinos and saxions can be thermally
produced at large rates, but since they both decay before neutralino freezeout, the neutralino abundance adopts its
standard value. In this case, neutralinos comprise ∼ 5− 10% of dark matter whilst axions comprise 90− 95% of the
abundance. As fa increases, then axinos and saxions begin decaying after freezeout, and the neutralino abundance
becomes enhanced beyond its standard value. For values of fa & 2 × 1012 GeV, then too much neutralino CDM is
produced due to BCM-produced saxions followed by their decays to SUSY particles (which always occur since mχ˜01 is
just 135 GeV while ms > 2mχ˜01), and for higher fa choices the model is always excluded. BBN constraints kick in at
higher fa values for DFSZ as compared to KSVZ: here, BBN excluded points only arise at fa & 1014 GeV.
A similar scan for the SOA benchmark cases was performed. This model has a bino-like LSP but with a huge
value of µ ∼ 2.6 TeV (leading to large EW finetuning). The large µ parameter hastens saxion decays to Higgs and
vector bosons. In the context of the SUSY DFSZ model, the SOA benchmark is still excluded over all fa values until
fa ∼ 1015− 1016 GeV, where huge entropy dilution from s→ hh and other decays leads to models that are both DM-
and BBN-allowed.
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FIG. 28: The neutralino relic density from a scan over SUSY DFSZ parameter space for the SUA benchmark case with
ξ = 1 [58]. The misalignment angle θi is adjusted so that the total CDM relic density Ωχ˜01a
h2 = 0.12.
4. SUSY DFSZ with ξ = 1
A similar scan over SUSY DFSZ parameters has been performed for SUA and SOA models with ξ = 1. In the SUA
case, the added s → aa decay mode dominates the saxion branching fraction and saxions then decay more quickly
than in the ξ = 0 case. In the SOA case with large µ, then saxion decays to Higgs/higgsinos is enhanced and still
dominates the s → aa decay. In both cases, at low fa the NTP-neutralinos arise from thermally produced axinos
followed by their decay to SUSY particles. As fa increases, the longer-lived axinos enhance the neutralino abundance,
but then as their production rate becomes more and more suppressed, they contribute fewer and fewer neutralinos
even though they are longer lived. The neutralino abundance turns over, and the large range fa : 10
9 − 1014 GeV
can become both DM-, BBN- and dark radiation-allowed. For yet higher fa values, then BCM-production of saxions
dominates and the NTP neutralino production again rises. For fa & 1014 GeV, many points become either BBN or
dark radiation excluded. For the SOA benchmark, as in the ξ = 0 case, all values of fa . 1015 GeV remain excluded
by overproduction of neutralinos. For SOA and fa > 10
15 GeV, some points suffer huge entropy dilution and can
become DM-, BBN- and dark radiation-allowed.
5. Impact on various cosmic anomalies
The case where the axino mass is greater than the gravitino mass [374] is particularly interesting as a possible
explanation of recent data from PAMELA [15] and from AMS-02 [21] which could imply a TeV scale WIMP mass
if the WIMP is CDM. In Ref. [374], the superheavy axino was shown to account for TeV-scale cosmic-ray positrons
produced as decay products of, for example, an NMSSM singlino N˜ to e˜ plus e+, but not to antiprotons. This is
possible in a string-derived flipped SU(5) grand unification model [455]. In this case, e˜ eventually decays to an LSP
neutralino plus SM particles. Of course, the final population of the LSP is not enough to account for the present CDM
density in the decaying DM scenario, but the mother singlino density accounts for most of the CDM density, which
is given by the non-thermal production from superheavy axino decays. The heavy axino decays to a singlino, and the
singlino decays to a positron and a selection, and finally the selection decays to the LSP neutralino. This N˜–WIMP
decay scenario was proposed to explain the property that the PAMELA data does not contain any large excess of
antiprotons, but a significant flux of positrons [14]. On the other hand, if the decaying DM scenario is ruled out in
favor of the scattering production of positrons, the superheavy axino may predominantly decays to the LSP plus SM
particles, for example, in the MSSM extended by the PQ symmetry with S and S of Eq. (24), not introducing extra
N -type singlets in the NMSSM.
The decay of heavy axinos provides a non-thermal population of LSP DM, such as gravitinos or neutralinos [184].
Therefore, the abundance of axinos before decay is also constrained and gives a quite strong limit on the reheating
temperature in the SUSY KSVZ model [170].
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6. Impact on cosmic structure
The scenario of mixed axion-WIMP CDM – where there is no relation between their abundances – has been
considered as a possibility to understand the rareness of observed dwarf galaxies [507, 511] in the ΛCDM cosmology.
Ref. [507] considered an ultra-light axion-like particle to reduce the number of dwarf galaxies (and in addition the cusp-
core problem) with the mass range 10−24 eV–10−20 eV. They find that an axion of mass ma ≈ 10−21 eV contributing
approximately 85 % of the total dark matter can introduce a significant kpc scale core in a typical Milky Way satellite
galaxy. Such an ultra-light axion mass, belonging to the anthropic region, would apparently be in conflict with
the recent BICEP2 constraint [506, 615]. However, there exists discussion on reducing the BICEP2 constraint by
diluting abundances via a large rate for late entropy production [426]. Isocurvature and dark radiation constraints
on SUSY/string models with multi-component DM arising from decays of heavy scalars have also been considered
in [384].
VII. NON-THERMAL DARK MATTER: NON-SUSY CANDIDATES
A. Pseudo Nambu-Goldstone boson as DM
Spontaneously broken global symmetries give rise to massless Nambu Goldstone (NGB) bosons. The couplings
of the NGB to the SM fields are suppressed by the spontaneous-symmetry breaking (SSB) scale. When the global
symmetry is broken explicitly, then the NGB become massive and this pseudo NGB (pNGB) can become in many
circumstances a natural candidate for DM. Some well-known examples include: axions, Majorons, familons, branons,
dilatons and more! The properties of pNGB DM are derived from both the SSB sector and explicit symmetry breaking
sector so that the inferred relic density is highly model-dependent.
1. The axion
The axion – which may arise as the pNGB of spontaneously broken PQ symmetry [444, 453] or from the fundamental
antisymmetric tensor field BMN in string theory [172, 178, 179, 439, 445, 597, 623, 624] – was previously discussed in
Subsec. III C.
2. Majorons
The Majoron J is the pNGB of lepton number symmetry broken spontaneously by the VEV vJ of a singlet scalar
which couples to the Majorana mass term. The Majoron becomes massive due to the lepton number breaking terms
and this massive pseudo-Majoron has been studied as a DM candidate [25, 100, 105, 303, 325, 488, 569].
In an explicit model [105], the Majoron arises from a complex scalar field σ which carries lepton number charge.
Below the symmetry breaking scale vJ , then σ = (vJ + ρ)/
√
2 · exp(iJ/vJ), where the real scalar field ρ mixes with
the standard Higgs giving two Higgs scalars h1 and h2. Additional singly- and doubly-charged Higgs fields η
+ and
χ++ are introduced as well. These latter fields couple directly to leptons. The keV scale Majoron J is then able to
decay via loop-suppressed processes into γγ or νν¯ but with an age longer than that of the Universe. The J particle
can be produced thermally if the charged scalars have mass below the vJ scale (in which case the η
+ and χ++ exist
in thermal equilibrium with SM particles and J interacts with the η+s and χ++s), or non-thermally if the potential
energy of the σ field is converted to ρs (or h1,2s) which then later decay to JJ . A third possibility is production
of cosmic Majoron strings which then evaporate into Majorons. The model introduces invisible decays of the Higgs
scalars into JJ which ought to dominate the branching fractions. This scenario seems rather unlikely in light of the
recent Higgs discovery at LHC where the newfound h decays with consistency into SM modes. Further model-building
may rescue this scenario. As an observable consequence, it is suggested to look for X-ray lines arising from J → γγ
decays, with Eγ ∼ mJ/2.
54
3. Branons
In models with extra spacetime dimensions, the brane where our world is located can move and fluctuate along
the extra dimensions. In this case, apart from the KK particle of the graviton in the bulk, there appears a new
degree of freedom which parametrizes the position of the visible brane in the extra dimensions. When the metric is
not warped along the extra dimensions, the traverse brane fluctuations, branons, can be parametrized by Goldstone
boson associated to the spontaneous breaking of the extra-space translational symmetry and becomes massless [250].
As an example, for a single extra dimension of a circle with brane parametrization YM = (xµ, Y (x)), the metric
induced on the brane is
gµν = ∂µY
M∂νY
NGMN . (100)
With metric GMN = (g˜µν ,−1), the brane action can be written as
SB = −f4
∫
M4
d4x
√
g ' −f4
∫
M4
d4x
√
g˜ +
f4
2
∫
M4
d4x
√
g˜ g˜µν∂µY ∂νY, (101)
where f is the brane tension. This Y is parametrized by the Goldstone boson. The warp factor breaks the translational
symmetry explicitly and generates a mass mb for the branons which is given by the bulk Riemann tensor evaluated
at the brane position. Parity on the brane then requires branons to couple as pairs to SM particles and then implies
branon stability so that they may serve as a DM candidate [160].
In a more general setup, the brane action is obtained up to quadratic terms as [28, 161]
SB =
∫
M4
d4x
√
g˜
[
1
2
(g˜µν∂µpi
α∂νpi
β −M2αβpiαpiβ)
+
1
8f4
(4∂µpi
α∂νpi
β −M2αβpiαpiβ g˜µν)TµνSM
]
,
(102)
where the branon fields piα(x) = f2δαmY
m(x) and their mass matrix is M2αβ = g˜
µνRµανβ |y=0. The branons interact
with SM particles through their energy-momentum tensor with a coupling suppressed by the inverse of the brane
tension scale f [88, 158, 250, 596]. In the case where f and mb are ∼ mweak, then the branons behave as WIMPs
and would give rise to CDM as usual via the WIMP “miracle” scenario. Branons may interact with nuclei thus
giving direct WIMP detection signals, and they may annihilate into SM particles giving indirect cosmic antimatter
and gamma ray signatures. The distinguishing characteristic of branons from other WIMPs (e.g. neutralinos of
SUSY or KK photons from UED models) is that they could be produced directly at colliders giving rise to monojet
or monophoton signatures, but without the additional cascade decay signatures expected from models like SUSY or
UED.
B. Sterile neutrinos as DM
Perhaps the simplest model which gives rise to DM is the SM when augmented by gauge singlet right-handed
(sterile) neutrinos. Such neutrinos are necessary in any case to explain the vast array of data on neutrino oscillations.
In this case, there is a Dirac mass mD which arises from the Yukawa coupling of active neutrinos with their right-
handed counterparts along with a Majorana mass M which is allowed for gauge singlets. The light active neutrinos
gain a “see-saw”mass mν ∼ m2D/M . In GUT theories, one might expect the Dirac masses to be comparable to other
quark and lepton masses; however, in the see-saw case, a huge value of M (which might arise from a GUT scale
physics) acts to suppress the active neutrino masses in accord with data. But by abandoning prejudice from GUT
theories, the Majorana mass could be any scale from eV up to MGUT. For sterile neutrinos to function as DM, a
value M ∼keV is required. Some recent reviews are available in Ref’s. [6, 132, 137, 481].
For keV-scale sterile neutrinos, they interact only weakly with matter through the mass mixing with active neutrinos
so their interaction strength is suppressed by the Fermi constant and the mixing angle, θ ∼ mD/M . Due to their
tiny interactions, the sterile neutrinos are never in the thermal equilibrium, but nonetheless they can be produced
(by several mechanisms) to give a sufficient amount of DM. Dodelson and Widrow [253] proposed early on that the
right abundance of sterile neutrinos can be produced in the early Universe via oscillation from active neutrinos. Their
original calculation was subsequently refined with further corrections and including the degrees of freedom present
around QCD phase transition [5, 7, 8, 47, 48, 254]. The production rate is given by [253]
Γ =
1
2
sin2 2θM
7pi
24
G2FT
4E, (103)
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where the mixing angle sin 2θM is temperature dependent due to matter effects in the plasma of finite temperature
and density and expressed as [530]
sin 2θM ' sin 2θ
1 + 0.08
(
T
100 MeV
)6( keV2
δm2
) . (104)
Here θ is the mixing angle in the vacuum where 0.08 is used for νµ and ντ mixing and is replaced by 0.27 for mixing
with νe [254].
Due to the temperature dependence of the mixing angle and expansion rate, the maximum production rate to
Hubble expansion takes place at a temperature [90, 271]
T ' 0.1 GeV
(
Ms
MeV
)1/3
. (105)
The present relic density is estimated to be
Ωs ' 0.2
(
sin2 θ
3× 10−9
)( ms
3 keV
)1.8
. (106)
Thus, if the mass of the sterile neutrino is around keV, then they can become a realistic candidate for “warm dark
matter”. It is emphasized that this mass range also works to explain pulsar “kicks” from supernova explosions [480].
Sterile neutrinos can decay to three neutrinos via Z-exchange and to γν via a W -boson loop [8, 234, 235, 254, 537].
The lifetime of sterile neutrino DM via three body decay gives a constraint on the mixing angle. The decay into
photon gives an even stronger bound on the mixing from X-ray observations as [135]
sin2 2θ < 2.5× 10−18
(
0.86 MeV
Ms
)
. (107)
The original Dodelson-Widrow scenario seems at present in conflict with X-ray observations as well as from Lyman-α
forest and large scale structure data.
In further refinements, it was found that in the presence of a non-zero lepton asymmetry, the sterile neutrinos
can be produced non-thermally by a resonant transformation [582]. This resonance enhances the production of lower
energy sterile neutrinos and thus the resulting spectrum is non-thermal and non-relativistic so that they make CDM
and thus avoid the constraints from Lyman-α. The relic density from this mechanism via the oscillation between νs
and να is [582]
Ωress '
( ms
343 eV
)( h
0.5
)−2(2Lνα +∑β 6=α Lνβ
0.1
)
, (108)
where Lνα ≡ nνα/nγ is the lepton asymmetry in the active neutrino να.
Additional sterile neutrino production mechanisms may include: 1. decays of exotic singlet Higgs bosons into νss
at T & 100 GeV which leads to CDM due to redshifting [480], or 2. production via couplings to the inflaton [581] or
radion [402] fields, which may lead to either warm or cold DM. There exist recent claims for an X-ray excess at around
3.5 keV which can be interpreted in terms of sterile neutrino DM [136, 152]. Sterile neutrinos may also accommodate
the observed flux of 511 keV photons from the galactic bulge [434].
C. Minimal DM
In the Minimal Dark Matter scenario (MDM) [203], one extends the SM by simply adding additional scalar or
spin-1/2 n-tuplets of SU(2)L which may also carry weak hypercharge. Stability of the lightest neutral member of the
multiplet is guaranteed by gauge symmetry and renormalizability; then, the minimality of the model gives definite
predictions depending only on the mass M of the new matter states since the interactions are determined by gauge
symmetry. The un-hypercharged elements of the new multiplets obey direct detection constraints. The fully successful
MDM candidates include a fermionic 5-plet with hypercharege Y = 0. The phenomenological predictions and direct
and indirect DM detections are well summarized in [204].
Since the MDM has electroweak interactions, the relic density can be naturally obtained via thermal freeze-out as
for WIMPs [205] where co-annihilation with slightly heavier elements of the multiplets ameliorates the result. The
annihilation of MDM occurs dominantly through s–wave with subdominant effect of p–wave. When the mass of MDM
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M &MV /α, the non-perturbative electroweak Sommerfeld enhancement [352, 590] can play an important role. Thus
the correct relic density requires the mass of MDM
M = (9.6± 0.2) TeV. (109)
However, in the case of hypercharged MDM, one generates a large direct detection cross section due to the tree-level
Z-boson mediated interactions so that the allowed MDM mass is required to be larger than MDM & (2Y )2×3×107 GeV
from Xenon 100 experiment [40]. This is in contradiction with the above constraint on the mass from correct relic
density. To avoid this problem, it has been suggested that the dark matter may be produced during the reheating
process similar to Wimpzillas which are discussed in a following subsection [275].
D. Primordial black hole DM
When primordial density perturbations are large – of order unity on the scale of the cosmological horizon in the
early Universe – then Primordial Black Holes (PBHs) can form [343]. The lifetime of a PBH is connected to its mass
due to Hawking radiation [344] as
τPBH ' 1064
(
MPBH
M
)3
yr, (110)
where M ' 2×1033gram is Sun’s mass. In this case, PBHs with mass greater than 1015 gram can survive evaporation
and thus can be a candidate for DM. If the PBHs are formed early enough in the early Universe, then they may also
escape BBN constraints on the baryon-to-photon number ratio.
The mass of a PBH is related to the mass contained in the horizon when the high density perturbation collapses.
Then, the mass of the PBH and its comoving scale has a relation
MPBH ' 4pi
3
(H−1)3ρ
∣∣∣∣
k=aH
= 1.4× 1013M
( g∗
100
)−1/6( k
Mpc−1
)−2
, (111)
where ρ is the density at the time of horizon entry, k is the comoving wave number of the corresponding Hubble
horizon size and g∗ is the degrees of freedom. Therefore, MPBH > 1015g ' 10−18M leads to k < 1015 Mpc−1 which
corresponds to a temperature T < 109 GeV.
The present contribution of PBHs to the matter density is given by [115, 140]
ΩPBH(M)h
2 = 6.35× 1016β(M)
(
1015g
M
)1/2
, (112)
where β is the probability that a region of comoving size R which corresponds to the mass scale M will collapse into
a PBH.
The large primordial density perturbations can be generated during inflation. However, the power law spectrum
from inflation gives too small a PBH density or else it is constrained by the photons evaporated [534]. Therefore, a
spectrum with special feature at some characteristic scale has been suggested to be a dominant DM component [115].
The PBH can be formed also from phase transitions [395, 437], collapse of the string loops, bubble collisions, or
collapse of domain walls [159].
Some recent claims exist [155, 538] which seem to exclude PBHs as DM due to the possibility that they would
bind with and subsequently swallow neutron stars although these studies have been called into question due to overly
optimistic assumptions about the abundance of DM in globular clusters or on the PBH-neutron star capture rate.
Other studies using data from the Kepler satellite have looked for planetary level microlensing effects and found no
candidate events. This has allowed a substantial range of MPBH ∼ (10−9 − 10−7)M to be excluded for a large
enough PBH halo fraction [321].
In the case where PBHs co-exist with WIMP DM, then it is claimed that the PBH will form an ultra-compact mini
halo of DM around itself which will serve as an intense γ-ray point source due to WIMP-WIMP annihilations [487].
Constraints from γ-ray searches seem to rule out this possibility.
E. Supermassive DM: Wimpzilla
Wimpzillas are very massive particles that cannot be produced thermally, since their mass Mwz is much larger
than the reheating temperature itself. They however can be produced with mass of order the inflaton mass in the
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transition between inflation and a matter or radiation-dominated Universe due to non-adiabatic expansion by classical
gravitational effects [291, 627]. Wimpzillas with mass in the range 0.04 . Mwz/HI . 2 (with the Hubble parameter
at the end of inflation HI ' mφ ' 1013 GeV) can have the right relic density in the present Universe provided they are
stable, independent of their couplings [199, 486]. They can be produced non-thermally by non-perturbative quantum
effects in preheating or by the collisions of vacuum bubbles in a first-order phase transition [200].
Supermassive particles can be produced also during reheating after inflation [201]. Since the maximum tempera-
ture after inflation is much higher than the reheating temperature, the wimpzillas can be produced thermally from
scatterings during the reheating process. In the slow reheating process, the analytic estimate for the relic density
is [201]
Ωh2 'M2wz〈σv〉
( g∗
200
)−3/2(2000Treh
Mwz
)7
. (113)
F. Kaluza-Klein DM
In models of universal extra dimensions (UED) [38], it is assumed that the SM particles exist in an extra-dimensional
universe, but that the extra dimensions are compactified on some sort of topological manifold such as an orbifold [376,
423]. Orbifolding eliminates unwanted “wrong helicity” modes, leaving just the chiral SM as the low energy effective
theory. In UED models, the SM particles exist as the n = 0 Kaluza-Klein (KK) modes, along with an infinite tower of
their KK excitations n = 1, 2, 3, · · · . The KK-excitations, basically heavier copies of the SM particles with the same
spin and couplings, have mass mnKK ∼ n/R, where R is the compactification radius. LHC searches now constrain
R−1 & 1 TeV.
In UED models, KK-parity (which arises from the geometrical symmetries of the compactification) is conserved
wherein all n = 1 (excited state) particles decay to other n = 1 particles so that the lightest n = 1 particle is absolutely
stable, and denoted as the LKP, or lightest KK excitation/particle. Thus, the LKP becomes a good candidate for dark
matter [237, 470]. Possibilities for LKP include the n = 1 KK photon, neutrino or graviton with mass mLKP ∼ 1/R.
The photon or neutrino LKPs enjoy electroweak interactions with SM particles and hence become WIMPs. Their
relic density is determined thermally via freeze-out from the thermal plasma and it is found that KK photons/neutrinos
with mass ∼ 1 TeV scale can account for the correct relic density [169, 405, 406, 576]. Including co-annihilation
processes, then even lighter LKPs around 0.6 − 0.9 TeV are required. Projections for direct LKP-photon-nucleon
spin-independent scattering cross sections still lie about an order of magnitude below recent LUX limits [577]. Even
so, since one also expects a variety of n = 1 KK quark and lepton states around the 1 TeV scale, then– in light of
recent null results from LHC searches for new physics– the simplest UED DM scenarios seem increasingly unlikely.
If instead the KK- graviton is the LKP, it interacts very weakly with SM particles and becomes an E-WIMP or
super-WIMP [280] and can be produced from the decays of heavier KK excitations which would be present in the
thermal plasma (care being taken to avoid BBN constraints). Alternatively, if the KK-graviton is not LKP, then it can
still be produced thermally but may contribute via decay to the non-thermal production of the LKP WIMPs [580].
The phenomenology of KK DM including discussion of direct and indirect searches and physics at colliders is reviewed
in [366].
G. Strongly interacting massive particles (SIMPs)
An alternative class of dark matter particles are known as SIMPs, for strongly interacting massive particles [514, 515,
525, 592]. SIMPs might arise from gauge theories containing exotic stable heavy quarks, where the new heavy quarks
are produced in the early Universe but later bind with lighter quarks to form neutral, massive strongly interacting
particles. These types of SIMPs could be extremely massive, ranging far beyond the TeV scale.
SIMPs may also arise in supersymmetric models where the gluino is the lightest SUSY particle [75]. Then gluinos
produced thermally or non-thermally in the early Universe would bind with gluons to make a neutral gluino-balls
which could comprise the dark matter. Gluino-balls would be expected around the TeV scale. These types of SIMPs
could give rise to exotic collider signatures such as charged stable tracks which flip charge as they propagate.
Recently, a new SIMP paradigm was proposed [353] where DM arises from a secluded dark sector which is ther-
malized with the SM after re-heating. These SIMPs could exist in the MeV-GeV range.
The variety of production mechanisms and huge span of mass possibilities leads to great uncertainty in the SIMP
production rate in the early Universe. However, since SIMPs are strongly interacting, it is often expected that they
might bind to nuclei and so can be sought after in exotic, massive nuclei searches. Indeed, heavy relic techni-baryon
DM particles seem ruled out by this approach [171].
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H. Dynamical dark matter (DDM)
Dynamical dark matter (DDM) [240, 241] is an entirely new DM proposal in which the dark matter consists of a
(possibly vast) ensemble of fields φi, i = 1−N . Instead of the DM fields φi being stable, they are now unstable, but if
production rates for the φi are balanced against decay rates, then there can still exist at the present time one or more
of the φi which constitute the current dark matter abundance while at the same time satisfying experimental and
observational constraints. An example is given for the case where the φi fields are scalar fields which are produced via
coherent oscillations. Since each field φi has a different mass mi associated with it, then its oscillation temperature
(or time) Ti will differ from the other scalar fields, and the decay widths Γi (and hence lifetimes) will also differ. In
this case, at very early times the equation of state of the φi fields which have not yet begun to oscillate will be that
of dark energy. Once the fields begin to oscillate, their equation of state turns to that of CDM. Since a whole host of
DM fields φi are present, then the equation of state varies as a function of time. Indeed the DM abundance will vary,
and the constituency of the DM will vary as successive fields φi, or a collection, dominate the DM abundance.
As phenomenological consequences, it is envisioned that some of the constituent φi quanta could be produced at
colliders in association with color carrying quanta associated with the dark sector. The colored quanta ψj could
then decay into jets plus quanta of the φi fields giving rise to distinctive dijet invariant mass distributions [239].
Alternatively, if the φi quanta are weakly interacting, then they may collide with target nuclei in WIMP direct
detection experiments again with characteristic recoil energy spectra of the target nuclei [238].
While DDM has been advocated as a general framework for understanding DM in a new way, specific models
of DDM have been proposed. An intriguing possibility is that DDM can be realized by incorporating an axion or
axion-like particle along with an infinite tower of its Kaluza-Klein excitations [242].
I. Chaplygin gas
A perfect fluid with an equation of state given by
p = −A
ρ
, (114)
is known as a Chaplygin gas. Here, p and ρ are pressure and energy density respectively with ρ > 0 and A is a positive
constant. The Chaplygin equation of state can be obtained from the Nambu-Goto action for d-branes moving in a
(d+2)- dimensional space-time in the lightcone parametrization. This gas can be used to account for DM and DE
simultaneously [408], and has been later connected to M-theory and brane models [112, 113, 462, 463].
In the FRW cosmology, the equation of state gives rise to a solution
ρ =
√
A+
B
a6
, (115)
where a is the scale factor and B is a constant of integration. In the limit of small a, then the energy density behaves
as matter:
ρ ∼
√
B
a3
(116)
while for large a then the energy density
ρ ∼
√
A, while p ∼ −
√
A, (117)
i.e. a cosmological constant with value Λ =
√
A.
The generalized Chaplygin gas model was further considered in [103]. These models seem to have tension with both
structure formation [573] and CMB [34, 157]. Thus, modified models have also been considered.
J. Mirror-matter DM
An intriguing assumption is that the universe is actually parity symmetric at its fundamental level, and that the
gauge group is then given by G × G′ where G =SU(3)c×SU(2)L×U(1)Y and G′ ≡SU(3)′c×SU(2)R×U(1)′Y . Such a
gauge group might be inspired by superstring models based on the E8×E′8 gauge group.
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In such a case, the Universe consists of our own observable sector O along with a mirror sector M with very
similar physics [286]: the mirror world contains quarks, leptons, gauge bosons, Higgs bosons etc. The two sectors
communicate with each other gravitationally, but also possibly via U(1) kinetic mixing or Higgs sector mixing. In
such a world, the DM could consist of mirror baryons [104, 354], which in turn might build up mirror planets and
stars. The BBN temperature T ′BBN of the mirror world M is taken to be somewhat lower than our own TBBN in
order to avoid constraints on dark radiation/ the apparent number of neutrinos.
Thus, in this scenario, the mirror baryons could compose the DM. Mirror nuclei might interact with WIMP detectors
via kinetic mixing, and have been proposed to explain [286–290] the variety of low mass WIMP anomalies in e.g.
DAMA/LIBRA [107, 108], CoGeNT [2, 3], CRESST [37] and CDMS-Si [20].
K. Self-interacting dark matter (SI DM)
While the ΛCDM model agrees well with observations on cosmological scales, it apparently fails to agree with
observations on galactic or galactic cluster scales. This is the so-called “cusp/core” problem: simulations of CDM
models predict a dense core to galaxies along with large numbers of sub-galaxies in galactic clusters, while observations
favor a less dense galactic core with fewer sub-galaxies within clusters.
To address this problem, a number of modified DM candidates have been proposed: self-interacting (SI)21 DM
[591], fuzzy DM [372] and warm DM [125] (WDM). The latter WDM seems inconsistent with Lyman α observations
[609, 612] while fuzzy DM lacks a predictive model. Self-interacting DM stands for a large class of DM models wherein
the particles are essentially CDM with suppressed annihilation cross sections, but their self-scattering cross sections
remain large enough that as they collect in the galactic core, they can scatter one-with-another to heat up the core so
that their pressure extends it and reduces the central density. Models of self-interacting DM include WIMPy models
with large self-interactions [420], SI asymmetric DM [545], SI Q-balls [485] or just new particles scattering via new,
perhaps hidden/dark sector forces. Recent proposals include SI-atomic DM [221] and WIMP-like particles interacting
via new massive or massless gauge bosons [124, 601] or scalar bosons via a Yukawa-type interaction [143, 500].
L. Dark matter from Q-balls
Supersymmetric models contain an assortment of scalar fields carrying both lepton and baryon number– the squarks
and sleptons. In addition, the SUSY scalar potential contains a variety of “flat directions” at the exact SUSY level.
These ingredients allow for the possibility of what is known as Affleck-Dine (AD) baryogenesis [17, 246, 248]. In the
AD baryogenesis, the scalar potential is lifted by SUSY breaking terms and by non-renormalizable operators- but
these allow for baryon- and lepton-number carrying condensate fields (fields with large VEVs) to form. Similar to
the axion or inflaton fields, the AD condensate will be stable at high temperatures, but then begin to oscillate below
the oscillation temperature TAD as non-relativistic matter. The presence of B and CP violation in SUSY breaking
terms, coupled with out-of-equilibrium decay of the condensate, can generate a sufficient baryon number asymmetry
(although exact rates are very model-dependent).
Along with generating the baryon asymmetry, the AD condensate can also produce DM [483]. Analysis of inhomo-
geneities in the AD condensate show that it should break up into non-topological solitons known as Q-balls, which can
contain large baryon number and mass [484]. In some SUSY breaking models, such as gauge-mediation, the Q-balls are
expected to be stable, and they themselves can form the DM. In these cases, it is expected that Q-balls could produce
signals in large-size proton decay detectors such as SuperK [482] (although at present no signals have been found). In
models such as gravity-mediation, the Q-balls decay to fermionic SUSY particles and thus can non-thermally augment
the abundance of LSPs [295].
21 To distinguish it from SIMP of Subsec. VII G, we separate SI
from DM.
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VIII. CONCLUSION
Recent astrophysical observations from the Planck experiment [12] have only strengthened the view that non-
luminous DM [630] comprises the bulk of matter in our Universe. For many years, the paradigm of thermally-produced
WIMP-only CDM has held sway, and has motivated a panoply of underground, space-based and terrestrial search
experiments focussed on either verifying its existence or ruling out the idea of WIMP dark matter. Aside from
a variety of seemingly inconsistent anomalies, no clear evidence for WIMPs has yet surfaced [255]. The situation
has only been exacerbated by recent null searches for WIMPs at Xenon100 and LUX, and by null results from
collider searches for new matter states at LHC8. We point out here that – in spite of much hype over the WIMP
“miracle” scenario – thermally produced WIMP-only DM, while still possible, is under considerable pressure from a
combination of null results from collider and direct/indirect DM search experiments to reproduce the measured DM
abundance. This certainly holds true in calculable models such as unified SUSY (with the notable exception of the
1 TeV higgsino [564]) and UED, especially after LHC constraints are applied. Such WIMP-only scenarios also tend to
neglect the presence of massive gravitinos or KK gravitons which may modify the expected DM abundance or affect
light element abundances from BBN. Finally, the WIMP-only picture neglects the fundamental pathology of QCD –
namely the strong CP problem – and its solution via introduction of the axion. Inclusion of the axion into WIMP
models changes the DM abundance calculation in intricate ways as detailed in Sec. VI.
This situation invites a broad review of many DM candidates which can be produced both thermally and non-
thermally in the Universe. In this spirit, we have reviewed DM candidates which may be present now and which
would be absolutely stable or almost stable with lifetime larger than the age of Universe, tU = 4.3× 1017 s. We began
with two theoretical frameworks leading to DM: the bosonic coherent motion and also the lightest particle among
some charges of a discrete group such as among the Z2 odd particles.
For BCM DM to live long enough, its lifetime must be very long, typically many orders of magnitude longer than
tU . Therefore, the interactions leading to the decay of BCM must be highly suppressed which invites an interpretation
as pseudo-Goldstone bosons. But the seed global symmetry is not respected in gravity and in string theory. However,
discrete symmetries are not spoiled by gravity if certain anomaly conditions are satisfied [449, 450, 459, 478]. So, the
most plausible BCM candidate derived from a discrete symmetry is the so-called invisible axion [448]. Other BCM
candidates – including saxions, inflatons, moduli and ALPs – may not be DM candidates but may well contribute
in several important ways to DM production in the early Universe. Among these, saxions are reviewed here at some
length. ALPs are sketched much more briefly because of the unknown relation between their mass and coupling.
Among the Z2-odd DM candidates, the LSP remains most popular since it emerges as a necessary consequence of
the SUSY solution to the gauge hierarchy problem. But when combined with the invisible axion solution to the strong
CP problem, then the existence of both the axino and saxion is inevitable. We reviewed at some length the role of
axinos in cosmology depending on whether they constitutes all or just a fraction of the total DM density, or instead
the case where they constitute mother particles which might decay into DM. In the first case, one might ultimately
expect a detection of axions, which is possible for its contribution to CDM down to 10 % [575], along with ultimate
discovery of SUSY at collider experiments. In the second case, one might ultimately expect a discovery of both an
axion and a WIMP particle. Which of these dominates the DM abundance is model dependent, but scenarios exist
where they could occur with comparable amounts.
In recent years, a long list of DM candidates have been proposed, many of them designed to explain various tenuous
astrophysical anomalies. To broaden the perspective, we have also reviewed a selection of additional thermal and
non-thermal DM candidates. With so many DM candidates available now, the option of multiple DM components is
a scenario in the cosmic evolution that is certainly worth investigating.
As reviewed here, there exist numerous DM candidates which may fill the halos of galaxies, including our own Milky
Way. It remains an experimental task to identify one or more types of DM species in either space-based or terrestrial
experiments. It is hoped that this review presents some updated perspective on some of the possibilities provided by
non-thermal DM candidates.
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